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AUTHOE’S PEEFACE
TO

ENGLISH TEANSLATION

As Messrs. Bedson and Williams some years ago made a careful

and accurate translation into Englisli of my ‘ Modern Theories

of Chemistry,’ I very gladly accepted their friendly proposal to

undertake the translation of this smaller book.

It may appear somewhat doubtful whether the long-felt

want of a small test-book on Theoretical Chemistry has not

been satisfied by the books recently published by Polis, Eemsen,

and Ostwald. These books are themselves so different from one

another and from mine in method and intention and in their

conclusions, that they all may be able to exist side by side. This

conclusion is satisfactorily confirmed by the ready reception

which the German edition of my book has received.

In writing this work I have not considered the requirements

of students alone, but have been desirous of offering something

to those friends of scientific investigation who have neither the

intention nor the time to concern themselves with the details of

chemical investigation, but wish to become acquainted with the

general conclusions arrived at.

With this object in view I have abstained from too large a
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use of the numerical results of observations and measurements,

and have avoided giving detailed descriptions of experimental

methods.

The book has, therefore, in the main been written from

memory, and numerical examples have been taken from the

existing literature only where it appeared absolutely necessary

for the clearer understanding of the subject. The general—

I

may say the philosophical—review of the subject has been my

chief aim, to which the details should be subordinated. I may,

perhaps, be permitted to express the hope that this mode of

treatment will especially meet with approval in England, where

so wide a circle of readers interest themselves in the general

results and conclusions of scientific investigations.

LOTHAR MEYER.

TUBINGEN : December 30 ,
1891 .



TEANSLATOES’ PEEPACE.

The recGption wliicli our translation of Lothar Meyer’s ‘ Modern

Theories ’ met with, has encouraged us to present to the public

an English version of the author’s smaller and less technical

work on Chemical Philosophy.

The revised sheets have been submitted to the author, and

we have gladly availed ourselves of the valuable suggestions he

has made. As the nature of the book is set forth in the author’s

preface specially written for this translation, there remains only

to add that we trust this book may not only be found valuable

to the student of chemistry, but also to those who are interested

in science generally.

THE TRANSLATORS.

January, 1892 .
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OUTLINES
OF

THEOEETICAL CHEMISTEY

§ 1. Definition and Province.—Chemistry is a most important

branch of natural science. As the human mind is incapable of

embracing knowledge in its entmety, it is necessary to divide

science into several branches. The sciences may be classified

either according to the methods of investigation employed or

according to the objects investigated. In the first system we
distinguish between descriptive science, sometimes inaptly

termed natural history, and natural philosophy, which should
in reality be styled natural history.

The investigation and description of the various objects as

they occur in nature is the problem the descriptive sciences

have to deal with, whilst it is the aim of natural philosophy
to investigate their genesis and transformations, and to endea-
vour to discover the cause of these changes. Chemistiy * belongs
to both branches of science.

If we examine any natural object, such as a rock, an animal,
or a plant, we find, as a rule, that it is composed of many dis-

similar parts. The rock is composed of different minerals, the
animals and plants are composed of different organs; these
again, are built up from more elementary forms, such as cells.

This subdivision cannot be carried on indefinitely : we finally

arrive at forms of matter which cannot be split up by mechanical
means into dissimilar particles. Chemistry is the science which
investigates and describes these ultimate constituents, of which

‘ The origin of the word ‘ Chemistry’ Is not known with certainty.

B
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all natural objects are composed. Chemistry is, therefore, a

fundamental portion of all descriptive science.

But, on the other hand, chemistry is also one of the explana-

tory sciences. Almost all the natural phenomena with which

we are acquainted are of a complex nature
;
the eruption of a

volcano, an earthquake, a thunderstorm, a fire, the life and

growth of animals and plants, and numerous other occurrences,

are composed of several distinct phenomena, such as light, heat,

sound, electricity, evaporation, and other changes of condition.

Natural philosophy treats of these elementar^^ changes into

which natural phenomena resolve themselves. Natural philo-

sophy embraces physics and chemistry. It is the aim of physics

to investigate and explain those elementary changes which

affect the properties of bodies without altering their material

composition. Chemistry deals with the changes which affect

the material nature of the substance. Chemistry, then, is the

science which treats of matter and its changes.

§ 2. Characteristics of Chemical Change.—Numerous material

changes in natural objects are continually taking place, such as

the formation of organic compounds in plants, the various

changes which animal and vegetable bodies undergo either in

nature or by the agency of man
;
for example, fermentation,

putrefaction, combustion, the extraction of metals from their

ores, the preparation of food, drugs, dyes, and innumerable other

materials. These changes in the composition of bodies have

been taking place from time immemorial before the eyes ofmen,

generally, indeed, at man’s desire
;
but in spite of this, for

thousands of years they have been involved in obscurity, and

even at the present time they remain incomprehensible to the

majority even of educated people. Although chemical changes

are continually taking place everywhere, the cause of these

changes is difficult to recognise. This peculiarity of chemica

phenomena is an inherent result of their nature. By exposing

one or more substances to certain conditions, an entire change

in their nature is effected. This may be brought about by ex-

posing the substance to the action of heat, light, or percussion ;

indeed in some cases a chemical change takes place when the

substance does not appear to have been subjected to any kintl

of external influence. Sulphur burns, and leaves in its place a



METHOD OF INVESTIGATION 8

pungent-smelling gas. Coal is heated, and produces coal gas.

Ores heated with charcoal yield metals. Iron rusts in the air.

Molten lead changes into litharge, a dull powder, which is

reduced to lead when heated with charcoal. These changes,

and thousands of similar transformations, appear to be of a

mysterious and marvellous character.

Compare them with such phenomena as the movement of a

falling body, the reflection or refraction of a ray of light, the

heating and cooling of a body, the action of one magnet on

another, &c., and we see that it is not very difficult to study the

whole course of most physical phenomena
;
whereas in the case

of chemical changes the beginning of a reaction is, as a rule,

immediately followed by its conclusion, so that it is impossible

to perceive the intermediate stages. This is the reason why
chemistry remained for thousands of years a mere collection of

recipes and mystic formulae, in spite of the labour which had

been devoted to its advancement. This explains, also, how it

was possible for chemistry to exist for centuries in a condition

hardly worthy of the name of a science, side by side with a

highly developed state of physics.

§ 3. Method of Investigation.—The high state of develop-

ment which science has attained at the present day has been
gained by a logical application of the method of induction. The
numerous isolated facts presented to our observation are so

classified that allied and analogous facts are arranged together

for the purpose of comparison. The laws and rules resulting

from this comparison are gradually expanded and generalised,

or, if necessary, more sharply defined, and their application

limited. The knowledge of such laws does not satisfy the
human mind—it desires to learn the reason, the cause of the
existence of these laws.

Now, this knowledge cannot be gained from observation.

It is only attained by an effort of our intellect, which solves the
connection between the phenomena under observation and the
causes which produce and modify them.

The knowledge of the causal connection of phenomena is

consequently subjective, and it always remains an open question
to what extent it is co-ordinated to the objective world. The
investigation of this point is a second problem for science to
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solve. We proceed by assuming more or less arbitrarily a cer-

tain cause for each gi-oup of phenomena. Then, without refer-

ence to facts, we proceed to draw or ‘ deduce ’ all the conclusions

that can be logically developed from the ‘ hypothesis.’ We
call this development the theory of the events in question. A
comparison of the theoretical deductions with the observed facts

is the sole means of judging the correctness of the theory and

of the hypothesis on which it is based. So long as facts and

theoiy agree, we are justified in regarding the theory as accurate,

but not as absolutely and infallibly true.

If the theoretical conclusions and the facts do not agree,

then the hypothesis is false, or the extension of the theory has

been incorrectly carried out, and the errors must be sought out

and corrected. Hypotheses and theories contradicted by ob-

servation must be rejected
;
doubtful theories may often be use-

fully retained so long as they facilitate the survey of a large

number of observations. The best supported theory must never

be regarded as absolutely true : a high degree of probability

is the utmost to which it can attain.

As examples of a few of the hypotheses which have attained

this highest degree of probability, we may mention Newtons

hypothesis that the heavenly bodies exert a mutual attraction

on each other which is inversely proportional to the square

of their distances
;
Huygen’s hypothesis that light is an undu-

latory movement of the ether
;
and the hypothesis of Daniel

Bernoulli and K. Clausius that in the gaseous state the particles

are in rapid rectilinear motion
;
and many others might be

cited.

If we ask how far a happily chosen hypothesis and a correct

theory can carry us on the path of knowledge, we find we must

be content if, by their aid, we can follow and discern the causal

connection and the necessary results of phenomena until we

arrive at certain values which remain unaltered in the various

changes taking place. These unchangeable values are termed

‘ constants.’ They may be real values or only express propor-

tions or ratios of such things as number, weight, length, space

or time A ‘ constant ’ is not of necessity absolutely invariable.

It is sufficient for our purposes if it does not undergo any ap-

preciable change in the phenomena under investigation. Oon-



CHEMICAL THEORIES 6

sequently the constants we arrive at, in a certain group of

phenomena, need not of necessity form the limits of our know-

ledge, but may in turn form the subject of research, if we
investigate the conditions under which they vary, and in this

way arrive at constants of a higher order. But in spite of all

the progress we have made the determination of the constants

still remains the problem for investigation. We are content

when we succeed in predicting the phenomena which result as

a natural consequence from certain constants, and the vaiying

relations which these constants bear to each other.

§ 4. Development of Chemical Theories.—The inductive

method was first applied in chemistry at a comparatively late

stage in its history. It was only at the end of the seventeenth, and
more particularly during the eighteenth century that all the then

known facts were systematically arranged and a logical classifica-

tion of bodies into combustible and incombustible, burnt and un-
burnt, was made. The hypothesis which was employed to account

for the difierence between the two large classes of bodies proved

incorrect. This hypothesis assumed the existence of a peculiar

combustible principle, the so-called ‘ phlogiston,’ in all combus-
tible substances. Combustion consisted in the evolution of

phlogiston. In recent times it has been shown that the phlo-

giston theory is not altogether devoid of truth. For what was
formerly termed phlogiston is almost identical with our present

notion of potential energy. It was during the two hundred
years when the phlogiston theory prevailed that the application

of inductive methods revealed the general truth that matter
can neither be created nor destroyed. This discovery led to

conclusions rendering the doctrine of phlogiston untenable, and
resulting in its replacement by Lavoisier’s theory of combustion.
According to this theory the process of combustion is not due
to an evolution of phlogiston, but to ‘ oxidation’—that is, to the
•combination of the combustible body with oxygen, one of the
constituents of atmospheric air.

During the period of quantitative analysis, which begins
with this theory, great stress was laid on the investigation of
the proportions by weight in which different substances unite
together, and thus a new field of research was opened up, which
rapidly acquired unexpected dimensions.
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The most important result of this new development was to

strengthen our knowledge of the fact that nothing is lost and

nothing is gained when substances undergo chemical change.

When substances unite together, the weight of the compound is

exactly equal to the sum of the weights of the constituents.

When several bodies act on each other, it was formerly a difficult

matter to decide which were compounds and which were consti-

tuents
;
but by the light of this new law the question can easily

be answered. When red-hot iron is hammered it yields forge-

scales, and on exposure to damp air it rusts. In either case it

gains in weight
;
consequently it has combined with something,

and not lost anything as was formerly supposed. It has com-

bined with oxygen, and the increase in weight is equal to the

weight of oxygen the metal has united with in its conversion

into oxide (rust or forge scales). Consequently the oxide is.

the compound and the metal is a constituent
;
but in the last

century the reverse was held to be the case. In this way

‘ quantitative chemistry ’ effected an accurate distinction between

elementary bodies and their compounds, and imparted a degree

of exactness to the methods of investigation, of which in previous

centuries there had been no conception.

We are acquainted with about seventy bodies which have up

to the present time resisted all attempts to decompose thern.

We therefore consider these substances as invariable in composi-

tion until the contrary is proved, and consequently regard them

as the fundamental constants of chemistiy. The aim of the

science of chemistry is to investigate the laws which govern the

combination of these elements, and to determine in what way the

character and properties of the compounds are affected by the

nature of the constituent elements.

§ 5. Stcechiometric Laws.—The further investigation of the

quantitative composition ofchemical compounds led to the found-

ation of the science of stoechiometry ^ by Jeremias Benjamin

Kichter. The most important facts of stoechiometry were dis-

covered almost simultaneously by Proust. The fact pointed out

by Proust, that definite chemical compounds always contain their

constituents in fixed and invariable proportions, was strongly

disputed by no less an authority than C. L. Berthollet.

‘ TO o-Toixela. the constituents. /xtTpov, the measure.
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Richter’s views on the laws which govern the combination of

acids with bases to form salts remained for a long time neglected

and almost unnoticed. The credit of establishing the value of

these laws (so far as they were correct) belongs to J. J. Berzelius,

who obtained important aid from an hypothesis propounded by

John Dalton.

The fundamental law of stoechiometry, discovered by Richter

and confirmed and developed by Berzelius, states that all true

chemical changes (i.e. changes of composition) take place between

definite volumes or weights of the substances. This is equally

true whether a substance decomposes into its constituents or is

formed from its constituents, or when different compounds ex-

chancre one of their constituents.O
When water is formed from its constituents 7'98 parts by

weight of oxygen unite with one part by weight of hydrogen,

never more or less, and the two constituents are produced in

exactly these proportions when water is decomposed.

All other substances, whether elements or compounds, behave

in the same way
;
that is to say, they only enter into combination

or undergo decomposition in definite and fixed proportions by

weight.

It often happens that the bodies unite together in several

distinct proportions, but these different proportions always bear

a simple relation to each other.

This empirical law is known as the law of multiple propor-

tions. For example, there is another compound of hydrogen and

oxygen, hydrogen peroxide, which contains 15'96 parts by

weight of oxygen to 1 part by weight of hydrogen—that is, twice

as much oxygen as unites with 1 part by weight of hydrogen in

water. By mixing these two oxides of hydrogen a liquid is

obtained in which the quantity of oxygen lies between that con-

tained in water and in hydrogen peroxide. The resulting liquid

is not a chemical compound, but merely a mechanical mixture,

for its properties are those of its constituents, and the act of ad-

mixture is not followed by those changes in the material nature of

the substances, which are characteristic of chemical combination.

Nitrogen forms a larger number of oxides, in which one part

by weight of nitrogen is combined respectively with 0-5696,

1-1392, 1-7088, 2-2784, and 2-84-80 parts by weight of oxygen.
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The relation between these quantities is expressed by the

whole numbers 1, 2, 3, 4, 5.

The numbers indicating the proportions in which substances

unite together are called ‘ combining weights,’ or stcechiometric

quantities. It is remarkable that they apply not merely to two

given elements but to all elements without exception. For ex-

ample, one part by weight of copper is combined with 0T263

part by weight of oxygen in cuprous oxide, and with 0-2526 part

by weight of oxygen (i.e. exactly double) in cupric oxide. The

quantities of sulphur combined with one part by weight of copper

in the sulphides are also in the proportion of 1 to 2, cupric

sulphide containing 0-5062 and cuprous sulphide 0-2531 part

by weight of sulphur; 0-2531 part by weight of sulphur on

combustion unites with 0-2526 part by weight of oxygen. This

is exactly the quantity of oxygen which unites with one part by

weight of copper to form cupric oxide.

The combining weights for copper and sulphur and for copper

and oxygen are also valid for the compounds of sulphur and

oxygen. This rule is true of all elements. It may be generally

expressed in the following words :

—

If we know the proportions by weight in which a series of

elements unite with a certain given element, then these elements

either unite with each other in the quantities represented by

these proportions or in some simple multiple of them. If A, B,

C, D represent the proportions by weight in which the different

elements unite with a definite quantity of another element, then

any compound of these elements can be represented by the

formula

n.A + n, .B + «
2
.C + »

3
.D + ...

when n, represent whole (generally small) numbers.

The values A, B, C, &c. are the fundamental constants of

stoechiometry.

§ 6. Atomic Hypothesis.—The stcechiometric laws are purely

empirical, and were discovered by induction. They have been

confirmed by thousands of experiments, and their validity is in-

dependent of any hypothesis. But the human mind suspects a

cause for every law, and is disinclined to acknowledge the exist-

ence of a law unless it can account for the cause of it.
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Consequently the sto3chiometric laws, which are now regarded

a,s the most important ever discovered in natural science, were

at first treated with neglect, until John Dalton investigated

these laws and discovered a simple explanation of them.

Dalton investigated two gaseous compounds of carbon and

hydrogen, and found that the so-called heavy carburetted

hydrogen now called ethylene contained exactly half as much

hydrogen combined with one part by weight of cai'bon as is the

case in light carburetted hydrogen or marsh-gas. To explain

this and similar observations concerning the oxides of nitrogen

Dalton made use of an old and much-disputed hypothesis. He
assumed that all elements consist of very minute indivisible par-

ticles, having a definite weight, termed atoms,' and that chemical

compounds are produced by the union of these atoms.

This hypothesis was by no means new. More than two

thousand years ago the Greek philosophers energetically debated

the continuity ofmatter—whether matter completely fills the space

it occupies, or whether it is composed of very minute individual

particles separated from each other by spaces. These particles

were termed atoms on account of their indivisibility.

Democritus and many others based their system of natural

philosophy on these hyjDothetical atoms, and attempted to ex-

plain the transfonnations of the universe as a result of their

properties and rapid movements. Aristotle and his followers

could not tolerate the idea of the existence of an empty space

between the atoms, but maintained that the whole space is com-
pletely filled with matter. This difference of opinion survived till

recent times, but at the present day the truth of the atomic

theory is no longer a matter of dispute. Dalton does not

appear to have troubled himself about this discussion. He made
use of the atomic theory because it enabled him to explain

without difficulty the fact that the elements combine only in

definite proportions by weight, and that if certain elements

unite together in several diSerent proportions these proportions

bear a simple relation to each other. We assume that all the

atoms of one and the same element have the same weight, but
that this weight varies for different elements in the proportion

of their stoechiometric quantities. Let A be the weight of the

' V &rofxos, the indivisible.
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atom of a certain element, and B that of another
;
then it is ob-

vious that a compound of one atom of the first with one atom of

the second, e.g. A + B, must contain half as much of the second

as another compound A -t- 2B.

As all particles of such a compound have the same composi-

tion, then any number of particles or any given quantity of this

substance will contain the constituents in the same proportion

as the individual particles, viz. in the proportion of the atomic

weights or in a simple multiple of them.

The atomic theory offers an exceedingly lucid explanation of

the purely empirical law of combining proportions.

It is clear we can only deduce from the stoechiometric values

the relative, not the absolute, weight of the atoms, as we only

know the relative number of atoms contained in a compound.

Black oxide of copper contains one part by weight of oxygen to

3‘959 parts of copper. If we can by any means prove that this

oxide contains an equal number of copper and of oxygen atoms,

then it must follow that the weights of the atoms of these two

elements are in the same proportion to each other that the con-

stituents are in the oxide—namely, as 1 : 3'959. The copper

atom is 3'959 times heavier than the atom of oxygen. This pro-

portion by weight always remains the same, and is independent of

the number of atoms of the elements entering into combination.

§ 7. Symbols.—Dalton imagined the atoms to be small spheres,

and represented the atoms of different elements by various sym-

bols enclosed in a ring or circle, thus :

—

1 Atom . . Oxygen Hydrogen Nitrogen Carbon Sulphur Phosphorus

o © © • © ®

Atoms of the metallic elements were represented by circles

containing the initial letters of their names. Berzelius omitted

the circle as inconvenient, and used the initial of the Latin name

to represent the atom of any element. This system of notation

is now universally adopted. Both Dalton and Berzelius placed

two or more symbols close together to indicate that the atoms

had entered into combination.

The number of atoms is indicated by prefixing a numeral or

by the use of indices. The device of Berzelius for representing

a double atom by drawing a bar through the symbol is no longer
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used. Two atoms of hydrogen may be represented by the fol-

lowing symbols, 2H, HH. The second of these symbols

is most frequently employed.

§ 8. Unit of Atomic Weights.—We have already seen (§ 6)

that the weight of the atoms cannot be deduced directly from

the combining proportions, and that it is only possible to decide

how many times heavier or lighter one atom is than another.

This, however, is all that is requisite for the development of

chemical theory. It is not necessary to know the weight of

individual atoms. The composition of any mixture of different

substances can be equally well expressed in grams, ounces, or

pounds, and in the same way the composition of any chemical

compound can be expressed in terms of any unit of weight that

may be selected. If we choose the weight of an atom of a given

element as unity, we can by means of the stcechiometric values

express the atomic weights of the others in terms of this stan-

dard, so that a number is obtained for each element, which

shows how many times heavier it is than the unit.

Dalton’s proposal to take the atom of hydrogen, the lightest

of all the atoms, as unity is at the present time universally

adopted. But for many years it was the custom to follow the

example of Wollaston and Berzelius, who, for certain practical

reasons, took the atom of oxygen as their standard. It is ob-

vious that there will be a great difference in the atomic weights

according to the standard selected. If hydrogen is taken as

unity, it is clear that the atomic weights will be proportionally

larger than is the case when the heavier atom of oxygen is taken

as the standard. Just as in measuring distances, the numbers

are larger if we reckon by feet instead of metres or by kilometres

instead of miles. Now some atomic weights are smaller than

that of oxygen, so in order to avoid fractions Wollaston took as

his standard the tenth part, and Berzelius chose the hundredth

part of an atom of oxygen, so that an atom of oxygen=10 or

100. This standard yielded atomic weights which were in some

cases larger than 1000, and are now no longer used.

§ 9. Determination of Atomic Weights from Stcechiometric

Values.—We have already seen (§ 6) that the relative values of

the atomic weights can only be calculated from the composition

of a chemical compound as determined by synthesis or analysis,
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when the number of atoms contained in the compound is known.

But the number of atoms cannot be directly determined, and

can only be deduced by the help of hypotheses varymg in degree

of probability. Water is composed of oxygen and hydrogen in

the proportion by weight of 7’98 : 1. It does not follow that

the atomic weights of these elements are in this ratio, but only

that the weight of all the hydrogen atoms in a given quantity of

water bears this proportion to the total weight of the oxygen

•atoms combined with them, so that

• %.H : m.O=l : 7'98

when n and m represent whole (unknown) numbers. The

atomic theory only teaches us that a certain number of whole

atoms of one substance has combined with a definite number of

whole atoms of a second element, e.y., n H with m 0. The values

of m and n are not known. It is one of the most important pro-

blems in theoretical chemistry to determine the number of atoms

which are united together in different compounds.

§ 10. First Attempt to determine the Atomic Weights.—At

first sight it would appear to be the simplest plan to regard the

proportion by weight in which two elements imite together as

identical with their atomic weights. But this is not possible,

because many elements unite together in different proportions.

In black oxide of copper one part by weight of oxygen is united

to 3’959 parts by weight of copper; but in the red oxide, twice

as much copper, viz. 7‘918, is contained. Is the atomic weight

of copper 3-959 or 7-918 times heavier than that of oxygen ?

There does not appear to be any reason why one number should

be selected in preference to the other. If we choose the first,

then we have the formulae

Cu 0 =3-958 + 1, for the black oxide

and

Cuj 0= 7-918 + 1, for the red oxide.

If we take the second value, then we have

Cu 02= 7-918 + 2, for the black oxide

Cu 0= 7-918 + 1, for the red oxide.

and
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Berzelius selected the second value, but it has been replaced

by the first, which is now univetsally regarded as correct.

Dalton advocated the greatest simplicity. He assumed the

existence of only one atom of each constituent in many com-

pounds, in which, according to our present views, several atoms of

one of the constituents are contained, e.g.

Proportion by FOKMUL.E.
Weight. Dalton. Berzelius.

Water . 1 : 7-98 HO H,0
Ammonia . . 1 : 4-67 HN H3H
Ethylene . . 1 : 5-985 HC H

4
O,

According to Dalton’s views, the atomic weights of oxygen,,

nitrogen, and carbon are to the atomic weight of hydrogen
in the ratio of

0 : N ; C : H = 7-98 : 4-67 ; 5-985 ; 1

;

but according to Berzelius they stand to each other in the

proportion of

O : N : C : H = 15-96 : 14-01 ; 11-97 : 1 .

The weights which Dalton regarded as the atomic weights
of oxygen and carbon are only half, and in the case of

nitrogen only one-third, of the atomic weights accepted by
Berzelius.

§ 11. Chemical Equivalents.—At the beginning of the
present century Wollaston proposed that the chemical symbols
should represent the equivalents as determined by experiment.
In this way he hoped to avoid the want of uniformity resulting

from the use of the hypothetical atomic weights. Those quan-
tities of different substances which produce the same, or nearly
the same, effect were regarded as equivalent. The expression
was originally applied to those quantities of different acids
which are required to neutralise a fixed quantity of a given
base, and also to those quantities of different bases which are
required to neutralise a certain weight of a given acid. The
expression was afterwards used in a wider sense, and was
applied to all kinds of substances, including the elements. It
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is obvious that no element can be strictly equivalent to another.

It is only equivalent in certain respects—namely, in its capacity

for uniting with a third substance, or displacing it in a com-

pound.

We regard as equivalent weights of the elements those

quantities which have in this respect the same value, and we

compare them as we do the atomic weights with one part by

weight of hydrogen as unity. The equivalent weights of the

elements are, therefore, those quantities of the elements which

can enter into the same combinations as one part by weight or

one atom of hydrogen, or can unite with one part by weight or

one atom of hydrogen. The first definition holds good for the

metals and semi-metals
;
the second is true of the non-metals,

because all the latter can combine with hydrogen
;
but only a

few of the metals are able to form hydrides.

By means of this definition the equivalent weights can

easily be determined by experiment. One part by weight of

hydrogen unites with

—

19-06 parts by weight of fluorine

35-37 chlorine

79-76 bromine

126-54 iodine

7-98 parts by weight of oxygen

15-99 sulphur

39-48 selenium

62-50 tellurium

4-67 parts by weight of nitrogen

10-32 „
phosphorus

24-97 arsenic

39-87 antimony

2-99 parts by weight of carbon

7-08 „ silicon

One part by weight of hydrogen is replaced in its compounds

bv the following quantities of different metals. These^ quan-

tities of the metals will consequently be able to unite with the

non-metals in the proportions stated in the preceding table, e.g.
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35-37 parts by weight of chlorine, 7'98 of oxygen, &c. Of
the lighter metals

—

7'01 parts by weight of lithium

23-00
)) sodium

39-03
5) potassium

85-2
5? rubidium

132-7 n caasium

4-54 parts by weight of beryllium

12-15
?) magnesium

19-95
)) calcium

43-65
)? strontium

68-45
5 J barium

9-01
)? aluminium

The following quantities of the heavier metals expel one
part by weight of hydrogen from water or hydrochloric acid,

and replace it directly or indirectly :

—

27-4 parts by weight of manganese
27-94

5) iron

29-3
3? cobalt

29-3
33 nickel

32-55
33 zinc

37-8
33 indium

55-85
33 cadmium

59-4
3) tin

103-2
33 lead

107-66
33 silver

203-7
33 thallium

Totally different results are obtained in the case of many
metals if we determine directly the quantity of metal which will
unite with one equivalent weight of oxygen (7-98 parts) or of
chlorine (35-37 parts).

The oxides, sulphides, chlorides, and bromides contain the
following quantities of metals united to 1 equivalent weight of
oxygen (7’98), sulphur (15-99), chlorine (35-37), or bromine
(79-7G).

^
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These different proportions stand in a simple relation to

each other :

—

7-83, or 9T3, or 13-7, or 18-27, or 20-55, or 27-4 parts by

weight of manganese ;
the ratio

8- 74, or 17-48, or 2G-22 parts of chromium ;
ratio, ^ 1.

18-63, or 20-95, or 27-94 parts of iron
;

ratio, f ; | : 1.

65-6, or 98-4, or 196-8, parts of gold
;

ratio, ^ i : 1-

31-59 or 63-18 parts of copper, and 99-9 or 199-8 parts

of mercury ;
ratio, ^ :

1—and so on, for all the other elements.

It was soon found to be very difficult to decide which of

these different values should be regarded as the true equivalent

weight, and be represented by the chemical symbol of the

element. For a long time the quantities of the non-metals con-

tained in the first table were regarded as the true equivalent

weights
;
but the values in the second table have never come into

actual use. On the other hand, the equivalent weights for the

metals contained in the table were, with the exception of those

of beryllium and aluminium, in use for a considerable period.

§ 12. Electrolytic Equivalents.—The electrolytic law of

Michael Faraday has been used to insure the uniform deter-

mination of equivalent weights. Faraday found that when an

electric current is passed through a so-called conductor of the

second class, an electrolyte (i.e. a substance which can only con-

duct electricity when it is decomposed by the current), the

quantity of the substance decomposed is proportional to the

intensity of the current.

If one and the same current passes through two electrolytes,

then the several constituents deposited are electrically and

chemically equivalent to each other.

To determine the equivalent weights of the elements by

means of this law, it is only necessary to decompose some of

their compounds by a current which simultaneously decompose^

a hydrogen compound, and determine experimentally what

weight of the given element has been liberated in the same

time as one part by weight of hydrogen. On the whole this

method yielded more uniform results than those obtained by

chemical analysis
;
but still different values were obtained for

certain metals, according to the nature and composition of the

compound investigated.
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Tor example :

—

Copper . .
31 '59 and 63’ 18

Mercury . 99'9 „ 199‘8

Iron . . 18-27 „ 27-4

Another difficulty presented itself. The compounds of many

elements would not conduct electricity and were found not to be

ilecomposed by it, and consequently the determination of the

equivalents by electrolysis could not be systematically carried out.

§ 13. Crystallographic Equivalence. Isomorphism.—In 1819

Eilhard Mitscherlicb discovered the important law of isomorph-

ism, which has been used by Berzelius and other investigators

for the determination of equivalence. Mitscherlich found that

certain elements can replace others in their compounds without

producing any essential alteration in the crystalline form of the

substance.

These compounds and the elements which mutually replace

each other are said to be isomorphous even when the elements in

the isolated state do not exhibit any similarity of crystalline form.

The replacement always takes place in stoechiometric quantities,

so that a certain quantity of one element replaces or is replaced

by a definite quantity of another, its crystallographic equivalent,

while the other constituents of the compound remain unchanged.

Isomorphous compounds have the power of crystallising together

in such a way that they form homogeneous crystals independently

of the proportions in which they are mixed. The alums, the

vitriols and their double salts, the phosphates and arsenates are

well-known examples of groups of isomorphous compounds.

Unfortunately no element has yet been discovered which is

isomorphous with hydrogen, so that the crystallographic equiva-

lents of the other elements cannot be directly compared with

hydrogen, the usual standard. But by starting with the equiva-

lent weight of an element which has been determined by one of
the other methods, we can ascertain the crystallographic equiva-
lents of any other elements of the same isomorphic group. If
any members of this group exhibit isomorphism with other
elements we can go on step by step until the equivalents of a
large number of elements have thus been determined. Potas-
sium is isomorphous with rubidium, cassium, and thallium.

C
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The equivalent weight of potassium 39-03 (§ 11) is isomorph-

ously replaced by 85-2 parts by weight of rubidium, 132-7 of

csesium, and in many compounds by 203-7 parts of thallium.

This last quantity is isomorphous with 113-4 parts of indium.

Whether sodium is, strictly speaking, isomorphous with

potassium is a disputed point
;
many analogous compounds of

these two elements certainly exhibit identical crystalline foims,

but as a rule they do not crystallise together. If we are

justified in regarding the instances of identity of crystalline form

as cases of isomorphism, then 39-03 parts by weight of potassium

are equivalent to 23 parts of sodium, and these are equivalent

to 7-01 parts of lithium and 107-66 of silver.

But the equivalent of silver can be replaced isomorphously

by 63-18 parts by weight of copper, and the latter metal is a

member of the group of metals forming vitriols and can be

isomorphously replaced by

—

58-6 parts by weight of nickel

58-6 „ cobalt

55-88 „ iron

54-8 „ manganese

65-1 r

24-3 „ magnesium

The four last elements are isomorphous with 39-91 parts

of calcium, and iron is isomorphous with 27-04 parts of

aluminium and 52-45 parts by weight of chromium.

Calcium is also isomorphous with 87-3 parts of strontium,

136'9 parts of barium, and 206-4 of lead.

In some compounds zinc can be re]ilaced by 111-7 parts ol

cadmium. The highest oxides of chromium and manganese

enable us to pass on to the non-metals and semi-metals. For-

the chromates and manganates have the same crystalline fomi as

the sulphates, selenates, tellurates, molybdates and tungstates,

and the permanganates have the same crystalline form as the

perchlorates. The isomorphism of these salts provides us with

the following crystallographic equivalent weights

31-98 parts of sulphur

78-87 „ selenium
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125‘0 parts of tellurium

95'9
,,

molybdenum
183 '6 „ tungsten

35'37
,,

chlorine

Further 79'76 parts of bromine, 126-53 parts of iodine, and pro-

bably 19-06 of fluorine are isomorphous with 35-37 parts bv
weight of chlorine.

There are several other large groups of isomorphous elements.

The phosphates, vanadates, and arsenates are isomorphous. In
the free state arsenic is isomorphous mth antimony, bismuth,

and tellurium. But it is obvious that the crystallographic

equivalent can only be deduced from the isomorphism of the

compounds, and not from the isomorphism of the free elements,

for in the latter case there are no means of ascertaining what
Aveight of the one element can replace a given weight of the other.

It is assumed in certain minerals that sulphur is isomorph-
ously replaced by arsenic and antimony

;
if this is really the

I case then we have the following crystallogi-aphic equivalents :

—

30-96 parts by weight of phosphorus
74-9 arsenic

207-3
)5 bismuth

51-1 vanadium
119-6

)) antimony

f Silicon, titanium, zirconium, thorium' and tin form another
lisomorphous group, and tin is related to the isomorphous group
;cof the platinum metals containing platinum, iridium, osmium,
{palladium, rhodium, and ruthenium

;
these two groups are thus

Ibrought into relation with each other, and the following equiva-
llents are obtained :

—
28-33 parts by weight of silicon

48-01 titanium
90-4

5 )
zirconium

232-0
55 thorium

118-8
55 tin

194-3
55 platinum

192-5
55 iridium
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191-0 parts by weight of osmium

106-2 „ palladium106-2

102-7

101-4

rhodium

ruthenium

If the somewhat doubtful isomorphism of titanium and iron be

admitted, this group may thus be brought into relationship with

the iron group. Some of the crystallographic equivalent weights

arrived at in this way may not be correct, for doubtless some of

the cases of isomorphism may prove not to be genuine. But

the great advantage of this method is that it can only give one

equivalent weight for each element, whereas the other methods

would yield two or more equivalent weights.

After the discovery of the law of isomorphism Berzelius re-

garded the crystallographic equivalent weights as identical with

the atomic weights, except in the case of K, Na, Li, Ag, of

which he determined the atomic weights by the use of their

electrolytic equivalents. The identification of the crystallo-

graphic equivalents with the atomic weights offered a lucid ex-

planation of the phenomena of isomorphism. Imagine that a

crystal is a regular structure composed of small particles of

matter, called molecules, the molecules being themselves sys-

tematically buHt up of a definite number of atoms. If in each of

these particles one atom is replaced by another of similar shape

and size it is clear that the whole structure will remain un-

altered in shape and arrangement. This is obvious, for experi-

ence shows us that, although the crystallographic equivalents

vary considerably in weight, they all occupy approximately the

same space.
.

A ^ 9 1 ^ MW Iw A

We are, however, acquainted with a series of cases in which

it is apparently not permissible to assume that replacement

takes place atom for atom. In innumerable compounds the

equivalent of potassium (39-03) is isomorphously replaced by

14-01 parts of nitrogen and 4 parts of hydrogen, and scarcely

the slightest difference between the two classes of compounds is

to be found. Consequently since Mitscherlich’s first discoveries

it has been assumed that an atom of potassium can be iso-

morphously replaced by the ‘ compound radical ’ ammonium

(NH
4
= 18"01), composed of one atom of nitrogen (N — 14 01)
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and four atoms of hydrogen. But if this is possible in one case,

it may frequently happen that several atoms replace one single

atom. If we admit this, then the whole foundation of these

considerations is weakened: 107‘66 parts by weight of silver

are isomorphously replaced by 63-18 parts by weight of copper :

this may mean that one atom of silver is replaced by one of

copper. But if we assume that each atom of silver is replaced

by two atoms of copper, then the atomic weight of copper will

be 31-59, which is identical with the chemical equivalent weight

given in § 11.

Another weak point in determining atomic weights by

isomorphism is that many elements must be omitted, and

hydrogen amongst the number. As a natural consequence the

atomic weights can only be referred to the unit by making cer-

tain arbitrary assumptions. In fact we have already started

with the arbitrary assumption that the equivalent weight of

potassium as compared with hydrogen is 39-03. If we had

taken it as half, or, like Berzelius, as double this value, we should

have obtained for all the other elements values half or double their

present atomic weights, and it would not have been possible to

prove that these values were incorrect.

§ 14. Thermic Equivalents.—In 1819, at the time when
Mitscherlich discovered the law of isomorphism, two French

chemists, Dulong and Petit, observed the existence of another

simple relation between the chemical combining weights of the

elements and a physical property, viz. their specific heat or

capacity for heat in the solid state. The atomic weights are

approximately inversely proportional to the specific heats, and

consequently the product of these two values is nearly the same
for all elements. In order to make this law valid Dulong and

Petit found it necessary to alter the combining weights of some
of the elements. Although these changes were not at the time

generally welcomed, they are now universally adopted (except

in the case of a few small errors), and all the more recent specific

heat determinations have confirmed the accuracy of the law

of Dulong and Petit. This important law is of general appli-

cation. It gives the same values as the law of isomorphism
and meets with the same difficulty, for here again the results

cannot be directly referred to hydrogen as the standard, for solid
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hydrogen has not yet been investigated. If we take any of the

crystallographic equivalents mentioned in the preceding para-

graph, and multiply each by the specific heat of the element, we
obtain approximately the same product.

The explanation of this fact is very simple. As the specific

heat is the amount of heat required to raise the unit weight of

a substance from 0° to 1° C. this product represents the amount

of heat required to raise the equivalent weight by 1° C. The

weight of the given element, which is heated 1° C., is termed the

thermic equivalent weight. If we regard this as the atomic

weight, then the product of the atomic weight into the specific

heat is the atomic heat, i.e. the amount of heat taken up by

one atom. It is clear that the atoms of the different elements

have the same capacity for heat. Tlie law may be simply ex-

pressed by saying that the atomic heats of all the elements are

approximately equal.

This law applies without exception to all the malleable

metals, to almost all the brittle metals, and to the majority

of the non-metals. The following table contains in the first

column the names of the elements, in the second column under

c the specific heats, in the third the thermic equivalent or thennic

atomic weight A, and in the fourth the product A . c, the atomic

heat. The specific heat of most of the elements has been deter-

mined between the boiling point of water and the mean temper-

ature of the atmosphere, but in the case of easily fusible elements

the determinations are made at temperatures below their melt-

ing points, as most bodies exhibit abnomial specific heats at a

temperature near their melting point.

Element

Lithium .

Sodium
Magnesium
Aluminium
Phosphorus
Sulphur .

Potassium
Calcium .

Titanium .

Chromium
Manganese

Specific Heat
c

Atomic Weight
A

Atomic
Heat
A . e

0-941 7-01 6-6

0-293 23-00 6-7

0 -2.50 24-3 6-1

0-214 27-0 6-8

0-174 30-96 6-4

0-178 31-98 6-7

0-166 39-03 C *6

0-170 39-91 6-8

0-129 48-0 6-2

0-121 62-4 6-3

0-122 64-8 6-7
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Element

Iron .

Cobalt
Nickel
Copper
Zinc

.

Gallium .

Germanium
Arsenic
Selenium .

Bromine .

Zirconium
Molybdenum
Kuthenium
Khodium .

Palladium
Silver

Cadmium .

Indium
Tin .

Antimony
Tellurium
Iodine
Lanthanum
Cerium
Tungsten .

Osmium .

Iridium .

Platinum .

Gold
Mercury .

Thallium .

Lead
Bismuth .

Thorium .

Uranium .

Specific Heat
e

Atomic Weight
A

Atomic
Heat
A. c

0-114 65-88 6-4

0-107 68-6 6-3

0-108 68-6 6-4

0-095 63-18 6-0

0-094 66-1 6-1

0-079 69-9 5-6

0-077 72-3 6-6

0-081 74-9 6-1

0-076 78-87 6-0

0-084 79-76 6-7

0-066 90-4 6-0

0-072 95-9 6-9

0-061 101-4 6-2

0-068 102-7 6-0

0-059 106-36 6-3

0-067 107-66 6-1

0-054 111-7 6-0

0-067 113-6 6-6

0-065 118-8 6-6

0-061 119-6 6-1

0-048 125-0 6-0

0-054 126-64 6-8

0-045 138-0 6-2

0-046 139-9 6-3

0-033 183-6 6-1

0-031 191-0 6-1

0-032 192-6 6-3

0-032 194-3 6-3

0-032 196-7 6-4

0-032 199-8 6-4

0-033 203-7 6-8

0-031 206-4 6-4

0-030 207-3 6-4

0-028 232-0 6-4

0-028 239-0 6-6

The atomic heats in this table do not exhibit absolute

uniformity—the values vary between 5 '4 and 6'8. The thermic

equivalent or atom may now be defined as that stoechiometric

quantity which on multiplication by the specific heat yields a

constant which is approximately 6. If the specific heat of ice

is taken as the unit, or the equivalent weight of some other

element instead of hydrogen is taken as the standard, then dif-

ferent values would be obtained. If the atomic weight of

oxygen is taken as 100, then the atomic heats would vary

between 38 and 40.

As the atomic heat is almost constant, and as

A . c = const. = 6'3 approximately.
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it is clear that the value of A or c can be calculated approxi-

mately if one of these values is known.

§ 15. Exceptions.—In attempting to calculate the thermic

equivalents of the elements by this method, we occasionally

obtain values which cannot represent the true atomic weights.

Reguault found for pure carbon in the form of diamond the

specific heat c = 0-147, and for graphite, another modification

of the same element, c = 0-198. The chemical equivalent of

carbon is in § 11 stated to be 2-9925. The atomic weight must

either be 2-9925 or a simple multiple of this number.

If « = 2-9925, then A = w . a, where n is a whole number

and c . A = c ,n . a = 6-3 approximately.

Let = 1 . 2 . 3, &c.
;
then we have for

Diamond Ch'aphite

n n. a. c n 7i,a .c

1 0-44 1 0-59

2 0-88 2 1-18

10 4-40 10 5-92

11 4-84 11 6-52

12 5-28 12 7-11

13 5-72 13 —
14 6-12 .14 —

The atomic weight of carbon, calculated from the specific

heat of the diamond, would be

13. a = 38-90; or 14. a = 41-89.

But if it is deduced from the specific heat of graphite, then

10.a = 29-92; or 11 .ft = 32-92.

Even if we disregard the want of agreement between these

results, such atomic weights would lead to monstrous formulae

for the numerous compounds of carbon, and on this ground

alone they could not be accepted.

Carbon forms the most pronounced exception to the law.

Boron, silicon, and beryllium also form exceptions, and the

values for phosphorus and sulphur do not agree closely with the

atomic heats of the other elements.
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It is a well-known fact that the specific heat, and therefore

the atomic heat, is different at different temperatures. A cai-eful

comparison of all the determinations of specific heat led H. F.

Weber to the conclusion that the influence of temperature on the

specific heats of those elements which form exceptions to the law

is so great that they would follow the law at temperatures above

100°. Weber proved by experiment this hypothesis to be correct

in the case of carbon, silicon, and boron. Nilson, Pettersson, and

Humpidge have recently proved the same for beryllium. The
specific heats of these elements increase with the temperature, at

first rapidly, afterwards more slowly, until they become almost

constant at high temperatures. The values obtained at high tem-

peratures agi’ee fairly well with the law of Dulong and Petit.

The smallest stoechiometric quantities (equivalent to one part by

weight of hydrogen) of these four elements are—carbon 2‘99,

boron 3'63, silicon 7 ’08, and beryllium, 4'55. The atomic

weights must be simple multiples of these numbers.

In the following table c gives the specific heats at high

temperatures, A the atomic weights, which on multiplication by
the specific heats yield the atomic heats A . c.

— C A A . c

Beryllium .... 0-621 at 600° C. 9-1 5-64
Boron 0-5 ‘ „ 600° 10-9 6-6

Carbon .... 0-459 „ 980° 11-97 6-51

Silicon 0-203 „ 230° 28-3 5-74

These values of A obey the law of Dulong and Petit fairly

well
;
but it is clear that this law would not have led to their

adoption ifthey had not already been discovered by other methods.

All the elements which exhibit deviations from the law, their

atomic heats being too low, have small atomic weights, and are,

as a rule, non-metals. The law always applies to elements with
atomic weights thirty-six or forty times that of hydrogen.

§ 16. Specific Heat of Atoms in Compoxmds.—The law of
Dulong and Petit also holds good for elements in the state of

combination. The specific heat of a compound in the solid

' Calculated by interpolation from the observations. At 233° o = 0'.366.
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state is approximately equal to the sum of the specific heats of its

•constituents. In the case of silver iodide, for example, we have

—

Silver . . A . c = 107'66 x 0‘056 = 6‘1

Iodine . . A.c = 126’54 x 0’054 = 6‘8

Total 12’9

The specific heat of silver iodide (Agl) is c = 0'061. If

this value is multiplied by the sum of the atomic weights, then

we obtain the capacity for heat of that quantity of the compound

represented by the formula, Agl.

c (Ag + I) = 0-061 X (107-66 + 126-54) = 14-3.

This is only a little larger than the sum of the specific heats of

the constituents. In the same way, in the case of silver bromide

—

Ag.c = 107-66 x0-056 = 6-1

Br.c= 79-76x 0-084 = 6-7

Ag + Br= 187-42 12-8

and (AgBr)c = 187-42 x 0-074 = 13-9.

The stoechiometric quantities of these substances composed

of two thermic equivalents or atoms, Agl and AgBr, require

about thirteen units of heat to raise then- temperature by 1° C., i.e.

double as much as a single atom. Compounds containing three

thermic atoms have a capacity for heat three times as great,

namely, 3 x 6-4, i.e. 19 or 20. In the case of lead bromide and

iodide

—

c
.
(Bb + 2Br) = 0-0533 x (206-4 + 2 x 79-76) = 19-5

c.(Pb + 2I) = 0-0427 X (206-4 + 2 X 126-54) = 19-6

and the sum of the atomic heats of the elements are

6-4 + 2 X 6-7 = 19-8

6-4 + 2x6-8 = 20-0.

This fact is made use of to determine the thermic equiva-

lents of those elements of which the specific heat cannot be

directly determined. If the specific heats of iodine and bro-

mine were unknown they could be approximately calculated

from the preceding data.
_

.

35-37 parts by weight of chlorine unite -with the thermic

atomic weight of silver, Ag= 107-66, and form 143-03 parts by
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weight of silver chloride, 70 '74 parts by weight of chlorine unite

with one atom of lead, Pb= 206-4, to form 277-14 parts by weight

of lead chloride. On multiplying these quantities by the corre-

sponding values for the specific heats, the product is the capacity

for heat of the stoechiometric quantity of the compounds;

deduct from this the atomic heat of the metals, and the

remainder is the capacity for heat of chlorine.

c. 143-03 = 0-091 X 143-03 = 13-0

c. Ag = 0-056 X 107-66 = ^
Capacity for heat of 35-37 parts by weight of chlorine 6-9

c. 277-1 = 0-066 X 277-1 = 18-3

c.Pb = 0-031 X 206-4 = 6-4

Capacity for heat of 70-74 parts by weight of chlorine 11-9

Consequently the thermic equivalent of chlorine = 35-37,

and the quantity which is attached to one atom of lead is twice

this amount and represents two atoms, as the capacity for heat is

nearly equal to twice 6 units. The thermic equivalent or atomic

weight of an element can be deduced by means of the specific

heat of its compounds, even when the atomic heats of the
elements united with it are unknown, provided these elements
form an analogous compound with an element of known atomic
heat. For example :

—
11-97 parts by weight of carbon

*nd 47-88 „ oxygen
'

unite with the thermic equivalent of lead = 206-4 to form
266-25 parts by weight of cerussite. This mineral has the
specific heat c = 0-080 and the capacity

0-080x 266-25 = 21-3.

The following metals unite with the same quantities of
carbon and oxygen :

—

136-9 parts of barium forming 196-75 parts by weight of
witherite c= 0-109

;

87-3 parts of strontium forming 147-05 parts by weight of
strontianite c= 0-145

;

39-9 parts of calcium forming 99-75 parts by weight of
arragonite c= 0-206.
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These quantities have, according to F. Neumann’s discovery,,

the same capacity for heat as cerussite.

Witherite . . . 196'75x0T09 = 21‘4

Strontianite . . 147'05 x 0T45 = 21’3

Arragonite . . • 99*75 x 0*206 = 20*6

From this we conclude that the amount of each metal contained

in these compounds represents the thermic equivalents. Bunsen

has proved by experiment that this is the case with regard to

calcium.

In this way the thermic equivalents of several elements have

been arrived at, which could not be determined directly, and do

not on this account appear in the table on pages 22 and 23,

Chlorine . . • • . Cl = 35*37

Rubidium . . . . • Fu. = 85*2

Strontium . . • • . Sr = 87*3

Barium . . . • • Ba= 136*9

But still the elements mentioned in § 15 remain exceptions, as

the capacity for heat of their compounds^ is smaller than the

value calculated from the number of their constituent atoms.

This is also true of nitrogen, fluorine, oxygen, and hydrogen.

§. 17. Relation between Atomic Weight and Vapour Density.

As by chemical methods alone it was found impossible to fix the

value of the atomic weights, other physical methods than the

crystalline form and specific heat were soon employed. The

most important of these is the law of combining volumes dis-

covered by Gay Lussac and Alexander von Humboldt at the

beginning of the present century. According to this law a

simple relation exists between the volumes of the different gases

(measured under similar conditions of temperature and pressure)

entering into combination or mutually decomposing each other.

The densities of the gaseous elements at the ordinary tem-

perature compared with air or hydrogen are as follows .

Air = l Hydrogen = 1

.
0*06926 1-00

Hydrogen

Oxygen
Nitrogen

Chlorine

1*10563

0*9713

2*450

15*96

14*02

35*37
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These elements unite together in the following proportions :

—

Hydrogen and chlorine

By Volume

. 1:1
By Weight

1 : 35-37

55
oxygen . 2:1 1 : 7-98 =2 : 15-96

>) 55
nitrogen . 3:1 1 : 4-67 =3 : 14-01

Oxygen 55 . 1:1 1 : 0-878 = 15-96 : 14-01

55 55 55
. 1:2 1 : 1-756 = 15-96 ; 28-02

55 55 55
. 2:1 1 ; 0-439= 31-92 : 14-01

The combining weights of the gaseous elements are either

directly proportional to their densities or to a simple multiple

of their densities. The simplest hyjDOthesis is that the atomic

weights are proportional to the densities, i.e. to the weight of

equal volumes of the gases. That is to say, that under similar con-

ditions of temperature and pressure equal volumes of the different

gaseous elements contain the same number of atoms. Berzelius

made this assumption in opposition to Dalton’s views. When
this law was applied to elements which only assume the gaseous

state at high temperatures the following results were obtained

Sulphur
Air= 1

. 6-62
Hydrogen = 1

95-94

Phosphorus . 4-35 62-8

Arsenic . 10-4 150-2

Mercury . 6-93 100

In these cases the densities compared with hydrogen cannot
be regarded as the atomic weiglits

;
for the many analogies

between oxygen and sulphur show that the atomic weight
of the latter is almost exactly double that of the former, i.e.

31-98, not 95-94. The close analogy between the compounds
of nitrogen and those of phosphorus and arsenic indicate that
if N= 14, then P= 31 and As= 75; that is, the atomic weights
are, in the case of phosphorus and arsenic, only half the
densities; for only in the latter case will the corresponding
hydrides have the analogous formulae, NHg PHg and AsHg

;

if the atomic weights are doubled the two latter must be
represented by the formulae PHg and AsH^. There are also
good grounds for doubting that the atom of mercury is only
100 times heavier than the atom of hydrogen; consequently
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Berzelius was obliged to regard it as 200 times the weight of

a hydrogen atom. The same is true of other atomic weights

deduced from the density in the gaseous state
;
but some atomic

weights aiTiv'ed at by this method, e.g. those of iodine and

bromine, agree with the results obtained for chlorine and others

in the first group of elements.

§ 18. Want of Agreement between the different Equivalents.

The different methods used in determining the equivalent

weights of the elements led to different results. The atomic

weights deduced by the chemical, electrolytic, crystallographic

or thermic methods occasionally agreed and occasionally dis-

agreed. It is not surprising, therefore, that there was a great

want of unanimity in the views which chemists held concerning

these fundamental values.

In spite of great difficulties, Berzelius understood how to

make use of first one and then another of these physical auxi-

liaries and with such success that, with a few exceptions, the

atomic weights he proposed are in use at the present day,

although they were for a time replaced by the values proposed

by Leopold Gmelin, which were based on Dalton’s results. It

is true the victory of the atomic weights of Berzelius was not

won by himself, but to a certain extent by his most active oppo-

nents, whose views he strongly disputed.

The result of this long and complex discussion was to clear

and strengthen our views. In the present day a difference of

opinion may exist for a time regarding an element which has

not been thoroughly investigated, but no dispute can arise on

the fundamental principles involved in the determination of

atomic weights. These principles were first clearly exifiamed

by S. Cannizzaro in 1858, when the apparent contradictions

between certain results were satisfactorily cleared away.

§ 19. Avogadro’s Hypothesis.—Cannizzaro was the first to

point out that an entirely false construction had been placed

on the relation which exists between the density of a gas or

vapour and the combining weight, in spite of the fact that in

1811 Amadeus Avogadro had given perfectly correct instructions

as to the manner in which this relationship was to be employed.

Starting from Gay Lussac’s recently discovered law of combining

volumes, Avogadro enunciated the hypothesis that under similar
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conditions of temperature and pressure, equal volumes of gases,

contain the same number of particles, which need not of neces-
sity be atoms. He called these particles ‘ molecules,’ from
molecula, a small mass (moles).

Although Avogadro’s hypothesis was not the only one pos-
sible, it was by far the most probable. Nevertheless for a long
time it failed to meet with approval, and the views held by
chemists were in many ways directly opposed to it. For example,
for half a century no one opposed the views held by Dalton and
Gmelin, that water contains one atom of oxygen and one atom
of hydrogen, although as a necessary consequence it follows that
a volume of oxygen must contain twice as many atoms as a volume
of hydrogen.

If each particle of water contains the same number of
atoms of each constituent, then one volume of oxygen must
contain the same number of atoms as are contained in two
volumes of hydi'ogen. For two volumes of hydrogen unite with
one volume of oxygen to form water.

The chief reason why Avogadro’s hypothesis failed to meet
with recognition was that at this time there was no real necessity
for applying it (as Avogadro had done) not only to the elements
but to their compounds. At this period only a few gaseous
compounds were known, and little importance was attached to
the manner in which their chemical formula were written.
About the middle of the present century the necessity of a
systematic classification of the numerous newly discovered
carbon compounds, the so-called organic compounds, made itself
felt. Avogadro’s hypothesis, which had so long lain dormant,
was admirably adapted for this purpose. At first its applica-
tion was partial and limited, until C. Gerhardt made a logical
use of it, although mainly with the object of classifying chemical
compounds.

§ 20. Physical Basis of Avogadro’s Hypothesis. The Kinetic
Theory of Gases.—Avogadro had pointed out the extraordinary
similarity in the physical properties of different gases, more
particularly the uniformity exhibited by the influence of tem-
perature aud pressure on their volume and density, as stated in
Boyle’s or Mariotte’s law and in Gay Lussac’s law. He was of
opinion that the only possible explanation lay in the hypothesis
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that all gases contain the same number of particles in equal

volumes, measured under similar conditions of temperature and

pressure. For if one gas contained double or treble the number

of particles contained in another, it would be almost impossible

to understand how the relations between density, temperature,

and pressure could agree under these conditions; but it is

obvious that if the same number of particles of different gases

are contained in equal volumes, then the same change in pres-

sure will be effected if the volume is increased or diminished to

a certain extent or the temperature altered by a certain number

of degrees.
. ^

„

This idea of Avogadro has received decisive conhrmation as

a result of the new development of the mechanical theory of

heat This theory starts from an old hypothesis which was

developed by Daniel Bernouilli in 1738. According to this

theory, the individual particles of matter in the solid state occupy

definite positions with regard to each other. In the liquid state,

although the particles have the power of moving about freely

they are attracted to each other
;
but in the gaseous state the

particles are entirely detached from each other : each particle

moves about with great rapidity and rushes forward in a straight

line until it comes in contact with another particle or some

other impediment, from which it rebounds like an elastic ball

and continues its movement in a new direction. The pressure

of a sas results from the sum of the impacts which the particles

exert on the body they come in contact with-the sides of a

vessel, for example. Consequently the pressure increases, as the

number of particles in a given space and as the velocity of the

particles increases. io-a i
•• -o.

This old hypothesis was rediscovered in 18o0 by Kronig,

Toale and Clausius, and received a more systematic development

at the hands of Clausius. It forms the basis of the theory known

as the theory of molecular impacts or the molecular theoiy of

;ases According to this theory the pressure exerted by a given

volume of gas is proportional to the sum of the kinetic energy of

the rectilinear motion of all the particles contained m the unit of

lokme. By kinetic energy we understand half the product of

IL mass into the square of the velocity, me pressure of the

gal “s proportional to the sum of the products obtained by
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i

I multiplying the mass of each individual particle by half the

fsquare of its velocity. And as, according to Gay Lussac’s law.

I the pressure varies in proportion to the temperature, it follows

Ithat the sum of these products is also proportional to the

I temperature, and consequently for constant mass the tempera-

tture is proportional to the square of the velocity.

If we have equal volumes of two different gases at the same
I temperature and under the same pressure, then the total kinetic

(energy is the same in each volume. But according to Avoga-
(dro’s hypothesis the number of particles in both gases is

i identical; consequently the average kinetic energy of each

iindividual particle will be the same. If the two gases are

Ibrought into communication with each other, they mix together

(without any change of temperature or pressure taking place,

{providing of course that the gases do not exert any chemical

faction on each other. In this mixture, again, every particle

(will have the same kinetic energy.

Without the aid of Avogadro’s hypothesis, we are at once
^surrounded by difficulties. Let us assume that one gas contains

ttwice as many particles in a certain volume as another gas, then
(each particle of the first gas has only half the kinetic energy of

tthe particles of the second, for the total kinetic energy is shared
Iby double the number of particles. By the laws of mechanics,
iit is impossible that this condition should continue when the
ggases are mixed together; and as the particles are frequently

fcoming into collision with each other, those doubly endowed
'(with kinetic energy must give up a portion of their energy to

Ibhe other particles. But if this transference of energy takes
[place, then the two gases will cease to be under the same tem-
perature and pressure, because temperature and pressure are

Iproportional to the kinetic energy of the gases. Avogadro’s
hypothesis is the only means of arriving at results conforming
CO the laws of mechanics.

This is one of the most powerful arguments in support of
Avogadro’s hypothesis. Its truth is now no longer disputed.

§ 21. Molecular Weights of Gases.—The relative values for
Lhe molecular weights of all gases can be easily determined by
neans of Avogadro’s hypothesis. The absolute weight of the
nolecules cannot be ascertained. The method depends on the

I)
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fact that the weight W of a given volume of a gas is equal to

the sum of the weights of all the separate particles contained in

it
;
so that

W=?i. VI,

where n represents the number of particles and vi the weight of

a single particle, i.e. the ‘ molecular weight.’

For a second gas

W'= ?i' . to'. .!

In these equations, n, ?i' and to, to' are unknown values, but

the weights W and W' can be determined by experiment. i

By comparing quantities of two gases which occupy equal

volumes under similar conditions of temperature and pressure ?

we have according to the hypothesis n—n ,
and

^

W : TO=W' : to';
'

to' : vi='W' I W. )

The relative values of the molecular weights can be easily '

calculated from the weights of equal volumes of the two gases as *

ascertained by experiment. If the unit of volume is 1 litre=1 ;

cubic decimetre, or even a cubic centimetre, then the weights W .

and W' indicate the weight of the unit volume, or the densities
|

d and d'.
j

The equation
j

to' : vi=d' d
I

signifies that the molecular weights of different gases bear the
|

same ratio to each other as do their densities, if the latter are
|

determined at the same temperature and pressure.
_ _ _ \

The particular standard used in measuring densities is im-
(

material, although it is customary as well as convenient to use
|

as the standard of comparison dry hydrogen or dry atmospheric
,

air free from carbonic acid. It is always understood that the
j

comparison between a given gas and the standard is made under
,

similar conditions of temperature and pressure. With this
;

assumption the above law may be briefly formulated thus : the !

molecular weights of gases are proportional to their densities.

The kinetic theory of gases has also provided a possible means

for the determination of the number n eliminated from the pre-

ceding equations, but at present merely a rough estimate o
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the value of ?i has been attempted. At 0° and under a pressure

of one atmosphere a single cubic centimetre of any given gas

contains about 20 trillion particles or molecules. Divide the

weight of a cubic centimetre of the gas by this number and we
obtain the weight of a single particle. In the case of hydrogen,

the lightest of all gases, a particle weighs

O'OOO,000,000,000,000,000,000,004 grammes,

•or one quadrillion particles of hydrogen weigh about 4 grammes.
The particles of other gases weigh more in proportion as

they are heavier than hydrogen. The minuteness of the

molecular weights calculated in this way, but more especially

their doubtful accuracy, has prevented the use of these absolute

values, and the relative molecular weights suffice for the
present.

§ 22. Unit of Molecular Weights.—The same reasons which
led to the adoption of the atom of hydrogen as the unit of
atomic weights caused hydrogen to be chosen as the standard
of molecular weights. At first sight it would seem best to take
the molecule of hydrogen= 1 and compare the molecular weights
of all other gases with this unit, i.e. represent their molecular
weights by numbers indicating how many times heavier they
•are than hydrogen. This is certainly permissible, but it is much
more convenient to compare the weights of the molecules, which

^-are composed of atoms with the same standard by which the
1 atomic weights were measured, so that the molecular weights
imay be directly represented as the sum of the atomic weights.
'In order to do this it is necessary to know what relation the
imolecular weight of hydrogen bears to its atomic weight. The
I molecular weight cannot be smaller, but it may be larger than
tthe atomic weight, as the molecule may contain several atoms.
’We are compelled to assume that it contains more than one
ratom, as gaseous hydrogen compounds are known which only
'contain half as much hydrogen as is contained in the same
'volume of free hydrogen.

As one volume of hydrogen combines with one volume of
•chlorine to form two volumes of hydrochloric acid, it follows,
from Avogadro’s law, that each particle of hydrogen and chlorine
:
produces two particles or molecules of hydrochloric acid, as the
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two volumes ofthe latter gas contain, according to this hypothesis,

twice as many particles as are contained in one volume of one of

its constituents. And as a particle of hydrogen and a particle

of chlorine can divide into two parts, it must consist of at least

two atoms. It cannot contain less than two, but it may contain

more
;
but there is no reason for assuming the existence of more

than two atoms in the molecule until a compound is discovered

which contains less than half its volume of hydrogen.

The molecular weight of hydrogen is represented by

^^=2H=H,= 2.

§ 23. Calculation of Molecular Weights.—When the unit

is chosen the calculation of the molecular weight of any other

gaseous substance is extremely simple; for, according to § 21,

m no'= d d'
]

__m' d
^

and = = d'=0-06926;

2 • dm —
0-06926

= 28-876 • d.

The molecular weight of any gas is calculated by multiplying

its density compared with air at the same temperature and

pressure by 28-876.
, n -j.

•

The relation is even more simple when the density is ex-

pressed in terms of hydrogen instead of air .

m'=H 2
= 2 and B'— l

;

This calculation yields the same results as the previous one,

for the densities compared with air d are to the densities com-

pared with hydrogen 8, as

d : d'=B : B '

;

d ;
0-06926= 8 ; 1;

d=0-06926x 8;

8=14-438 xd.

The densities of gases would no doubt be directly compared

with that of hydrogen if it were not for the great experimental
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difficulties involved. This is the reason why the comparison

with air is, as a rule, preferred.

The factors 14-438 and 28-876 in the preceding formulae

have a very simple meaning. The first number represents the

specific gravity or density of di-y atmospheric air in terms of

hydrogen
;
the second number, which is double the first, repre-

sents the mean value of the molecular weights of its constituents.

In the case of

Oxygen . cZ=l-10563, S= 15-963, m=31-93.
Nitrogen <^=0-97137, 8 = 14-025, m=28-05.

But according to Bunsen, 100 volumes of air contain

Oxygen ..... 20-96 volumes

Nitrogen .... 79-04 „

Now, according to Avogadro’s hypothesis, equal volumes of

the two gases contain the same number of particles
;
therefore

10,000 particles of air contain

2096 particles of oxygen

;

7904 „ nitrogen.

But as oxygen is heavier than nitrogen, the average weight of

a particle of air is

2096x31-93 + 7904x 28-05

10000
28-86.

This result closely agrees with the value 28-876. This number
has no real meaning, because no existing particle of air has this

weight
;
but it may be conveniently used in molecular weight

' calculations, as the molecular weight of any given gas bears
the same relation to this value as the density expressed in terms
of air does to 1.

§ 24. Correction for Errors of Experiment.—The molecular
weights calculated by either of these methods generally require
correction. The determination of the densities of gases and
vapours, like all other observations, are liable to errors of

' experiment, which in some cases are considerable. Another
point to be noticed is, that the expansion of different gases by
heat, and the relation of their volume to pressure, is almost
but not absolutely identical.
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Hence it follows that if two gases exactly conform to.

Avogadro’s law at a certain temperature and pressure they will

no longer do so at any other temperature and pressure, as both

gases will not change their volume to absolutely the same extent.

Since the deviations are but small, we may use the method men-

tioned in the preceding paragraphs, in order to make a fairly

accurate determination of the molecular weights, and then correct

the values so obtained. The correction is effected by making use

of the fact that each molecule is composed of atoms
;

its weight

must consequently be equal to the sum of the weight of the

atoms contained in it.

The density of hydrochloric acid gas is found by experiment

to be 1’247. Analysis proves that this gas contains 35-37 parts

by weight of chlorine to 1 part by weight of hydrogen
;
there-

fore the molecular weight of this compound must either be

m= 1 + 35-37 = 30-37, or a simple multiple of this number, as

less than a whole atom of hydrogen (=1) cannot be present

in the compound. The product of the density by 28 87 is.

cZx 28-87= 1-247 X 28-87 = 30-0, which agrees with the value

calculated from the atomic weights
;
the difference is due to-

errors of experiment, and 30-37 must be held to be the correct

molecular weight.

Marsh gas contains 2'9925 parts by weight of carbon to-

1 part by weight of hydrogen. The molecular weight must be

represented as

m=w(l + 2-9925) =n x 3-9925,

in which n. stands for a whole number (possibly n=l). The

density compared with air= 0-555, and the molecular weight

will be approximately

m'= 28-87 X 0-555= 10-02.

This is roughly four times the smallest value possible
;
conse-

quently the true value is

m=4 X 3-9925= 15-97 = (4 + 11-97).

The molecular weight consists of 4 parts by weight of

hydrogen and 11-97 parts by weight of carbon. In this way

the molecular weights of numerous substances which can be

volatilised without decomposition have been determined.



ATOMIC WEIGHTS DEDUCED FROM MOLECULAR WEIGHTS 39

§ 25. Detennination of Atomic Weights from Molecular

’Weights.—As the atoms are indivisible particles (drofiot,) a

|imolecule cannot contain less than a whole atom. Hence the

1 molecular weights of compounds offer special facilities for the

(determination of the atomic weights of the elements.

The smallest quantity of an element which is found to exist

iin the molecular weight of any of its compounds is the maximum
walue of the atomic weight. This smallest quantity must con-

ttain at least one atom
;
it may contain two, three, or more atoms.

’We are justified in regarding this smallest quantity as the atomic

\weight, if no good reasons exist for believing that this smallest

(quantity consists of more than one atom. It will be seen later

(on that methods are not wanting which prevent the possibility

I of errors of this kind.

The following table comprises a list of those substances

(which contain the smallest quantity of the given elements in

tthe molecular weights of their compounds. The first column
(contains the names of the compounds; the second, under d, the

(density compared with ah’
;
the third, the corrected molecular

'weights calculated from the densities
;
the fourth the amount of

(the element contained in the molecular weight
;
the fifth, the

(chemical equivalent
;
and finally the sixth contains the thermic

(equivalent of the element, if the element be known in the solid

(State.

Vapour Densities, Molecular and Atomic Wekshts

j

Density
d

Molecular
Wei gbt
m

Amount Cliemical
Equivalent

Tliennio
Equivalent

Hydrofluoric acid 0-713 20-06 F : 19-06 19-06 19-06
i

Hydrochloric acid 1-2I7 36-37 Cl : 35-37 36-37 36-37
Hydrobromic acid 2-71 80-76 Br : 79-76 79-76 79-76
Hydriodic acid . 4-443 127-54 I

:

126-54 126-64 126-54
Water.... 0-623 17-96 0 : 15-96 7-98
Sulphuretted hydro-
gen . 1-191 33-98 S ; 31-98 16-99 31-98

Selenium dioxide 4-03 110-8 Se : 78-77 39-43 78-87
Tellurium dichloride . 6-9 195-7 Te ; 126 62-6 126
Tellurium tetrachloride 9-22 266-5 Te ; 125 62-6 126
Ammonia . 0-597 17-01 N : 14-01 4-67 14-01
Nitric oxide 1-039 29-97 N : 14 01 4-67 14-01
Phosphine . 1-16 33-96 P : 30-96 10-32 30-96
Phosphorous chloride . 4-88 137-07 P : 30-96 10-32 30-96
Arsine 2-695 77-9 As : 74-9 24-97 74-9
Arsenic chloride . 6-30 181-0 As

:

74-9 24-97 74-9
Antimony trichloride . 7-8 225-7 Sb : 119-6 39-87 119-6
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Vapock Densities, Molecular and Atomic Weights—continued

— Density
,

d !

Molecular
Weight 1

m 1

, „ Cliemical 1 ThermicAmount
.EquiTalentjEquivalent

Bismuth trichloride .
11-35 313-4

1

Bi 207-3
1

69-1 207-3

1

Stannic chloride . 9-20
,

260-3 Sn 118-8 1 29-7 118-8

Germanium chloride . 7-4-t
' 213-8

1
Ge 72-3 18-07 72-3

1
Thorium chloride 12-42 373-5

i
Th 232-0 68-00 232-0

Zirconium chloride 8-15 231-9 Zr 90-4 22-6 90-4

1

Titanium chloride 6-84 189-5 Ti 48 12-0 48

Silicon chloride .
6-94 169-8 Si 28-3 7-07 28-3

Slarsh gas .
0-565 16-97 C 11-97 2-99 11-97

Carbon monoxide 0-963 27-93 C 11-97 2-99 11-97

Boron chloride .
4-02 117-0 B 10-9 3-65 i0-9

I

Aluminium chloride . 4-5G 133-16 A1 27-04 9-01 27-04

Indium chloride .
7-39 219-7 In 113-6 3-79 113-6

Gallium chloride 4-82 176-0 Gel 69-9 2-33 69-9
1

Beryllium chloride 2-77 79-82 Be 9-08 4-64 y'U8
\

Tludlium chloride 8-2 239-07 Tl 203-7 203-7 203-7 '

Lead chloride 9-6 277-1 Pb 206-4 103-2 206-4
1

Zinc ch'oride 4-57 135-84 Zn 65-1 32-66 65-1
1

Cadmium bron.ide 9-26 271-2 Cd 111-7 55-85 111-7
1

Mercuric chloride 9 8 270-6 Hg 199-8 99-9 199 8
i

Chromium trichloride .

Feiric chloride .

6-47

4-32

168-66

161-99

Or
Fe

52-46

55-88

1 7-48

27-94

62-46

66-88 !

Vanadium chloride 6-69 192-6 V 61-1 12-8 —
Molybdenum chloride 9-46 272-7 Mo 95-9 19-2 96-9

Tungsten pentachlo-

ride.... 12-7 360-4 W : 183-6 36-7 183-6

Ttingsten hexachloride

Uranium tetrachloride

13-2

13-33

396-8

380-6

w
u

; 183-6

:
239-0

36-7

59-76

183-6

239-0

N lobium chloride 9-6 270-6 Nb ; 93-7 19-74

Tantalum chloride 12 9 368-8 Ta : 182 36-4

Ruthenium tetroxide . 6-77 163-3 Ru : 103-6 12-94 103-6

Osmium tetroxide 8-9 254-8 Os : 191 23-87 191

Cuprous chloride 7-06 197-1
]

Cu ; 126-36 63-18 63-18

It is only in the case of a small number of elements that the

chemical equivalent is identical with the atomic weight deduced

from the molecular weight
;
as a rule, the chemical equivalent is

a sub-multiple of the atomic weight, and is therefore entiiely

unsuited for the determination of atomic weights. The atomic

weights coincide with the thermic equivalents and the latter

agree with the crystallographic equivalents.

The smallest quantity of the element contained in the mole-

cular weight of the compound is double the thermic equivalent

onlv in the case of cuprous chloride. But even this case does

not form an exception, if we assume that the molecule contains

two atoms of copper. This shows that Cannizzaro was justihed
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in the statement made in 1857 tliat the molecular weights can

be determined by means of the vapour density and the atomic

VF eights by the specific heat.

§ 26. Possible Errors.—It is obvious that the calculation of

molecular weight from the density can only be made in the case

of homogeneous gases. If it be attempted to apply this method

to gaseous mixtures, the result obtained is only the mean value

of all the molecular weights contained in the mixture (vide § 23).

Mistaking such a mixture for a homogeneous gas may lead to

grave errors.

The molecular weight calculated from the observed density of

the vapour of ammonium chloride is

m' = dx 28-87 = 0-89 x 28-87 = 25-69,

which becomes after correction by the known combining weights

of hydrogen, chlorine, and nitrogen :

m = 2 + 17-685 + 7-005 = 26-69.

The quantities of chlorine and nitrogen (17-685 and 7-005

parts by weight respectively) are only half as large as the amounts

found in the molecular weights of other compounds. If these

quantities really do occur in the molecular weight of this com-

pound, they must be regarded as the atomic weights of these

elements, and we must assume that at least two atoms of these

elements are contained in all their other compounds. But

Pebal has shown that ammonium chloride splits up into equal

volumes of ammonia and hydrochloric acid when it is converted

into vapour. Its density is therefore the arithmetical mean of

the densities of these two gases, and only one-half of the mole-

cules present in the vapours contain chlorine
;
the other halfcon-

tain nitrogen. The densities of the constituents are

Ammonia . . . . . d = 0-59

Hydrochloric acid . . . . d = T25

Mean 0-92

The molecular weights are

Ammonia . . . m = 14-01 + 3 = 17-01

Hydrochloric acid . m = 35-37 + 1 = 36-37

Mean 26-69
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Other ammonium salts, certain compounds of phosphorus^

and other substances also exhibit abnormal vapour densities.

These compounds cannot be used for molecular or atomic weight

determinations.

On the other hand, if the vapour density is determined at

too low a temperature the resulting molecular weight may be too

high. Many substances when volatilised at the lowest possible

temperature give a vapour the density of which, compared with

air or other gases, is high, but at higher temperatures yield a

relatively light vapour. If the vapour density is determined for

a series of temperatures, it is found to decrease as the tempera-

ture rises until a point is reached above which it remains

nearly constant. The chlorides of aluminium, gallium, and iron

behave in this way. To explain this behaviour it is assumed

that when tliese compounds are first converted into vapour they

do not at once separate into isolated particles, but into aggrega-

tions of molecules, generally consisting of two molecules. These

aggregations gradually break up as the temperature rises. Their

dissolution may also be aided by reduction of pressure or by

admixture with an indifferent gas.

§ 27. Molecular Weights of the Elements.—The molecular

weights of the elements can be determined in the same way as.

the molecular weights of compounds. Some are identical with

the thermic atomic weights, but as a rule they are larger than

the latter. The following table gives a list of all the molecular

weights of the elements known at the present time. The first

column contains the names, the second the density in the state-

of gas or vapour at the temperature mentioned in the third,

column, the fourth the molecular weight calculated from the

density and corrected by the results of analysis, and the fifth

the atomic weight determined by Avogadro’s (Av) or by Dulong

and Petit’s (D P) method.

Most of the elements contained in this table are either non-

metals or semi-metals. Only a few of the metals are embraced

in it, as they are, as a rule, difficult to volatilise
;
on the other

hand, only a small number of non-metals are absent. Th,ere is

a wonderful difference between the two groups
;
the semi-metals

and non-metallic elements contain two or more atoms in the mole-

cule
;
the molecules of the true metals only contain one atom.



MOLECULAE WEIGHTS OF THE ELEMENTS 4a

It is probable that the ductility and other properties of the

imetals are in some way determined by tliis peculiarity.

I
II

Density
III

IV
Molecular
Weight

V
Atomic
Weiglit

Hydrogen 0-06926 0°C. H.,= 2 H= 1 Av
Nitrogen 0-9713 0° N„= 28-02 N= 14-01 Av
Oxygen 1-10563 0° Oj= 31-92 0= 16-96 Av
Sulphur 2-24 940° S..= 63-96 S= 31-98 Av DP
Zinc 2-36 1400 Zn,= 65-10 Zn= 65-10 Av DP '

Chlorine 2-450 200° CL= 70-74 Cl= 35-37 Av DP
Cadmium 3-94 940° Cd, = 111-7 Cd=lll-7 Av DP

1

Phosphorus . 4-36 600° P, = 123-84 P= 30-96 Av DP 1

Bromine 6-64 100° Br„= 169-52 Br= 79-76 Av DP :

Selenium 5-68 142 0 Se..= 167-74 Se= 78-87 Av DP I

Mercury 6-98 446° Hg, = 199-8 Hg= 199-8 Av DP
Iodine . 8-72 940° 12=253 08 1 = 126-64 Av DP
Tellurium 9-00 1440° Tej= 260 Te=126 Av DP
Arsenic 10-2 746° As, = 299-6 As= 74-9 A-vDP

The behaviour of sulphur is very remarkable. It has

{already been mentioned in § 17 that the vapour density at 500°

iis greater than at higher temperatures. This density corresponds

tto a molecular weight Sg = 191-88, although it has not been

(decided with certainty whether the vapour of sulphur at a

itemperature a little above its boiling point (446° 0.) is really

(composed entirely of hexatomic molecules. The density of the

(vapour changes as the temperature rises in a similar way to that

(exhibited by the compounds mentioned in § 26.

On the other hand the density of iodine (and in a lesser

[(degree of bromine and of chlorine) is abnormally low at very
thigh temperatures. This is explained by assuming that some
cof the molecules are split up by the action of heat into individual

(atoms, and that more molecules are split up as the temperature
rrises.

The density of iodine vapour is

8-76 at 115°

7-01 „ 1043°

5-82 „ 1275°

5-06 „ 1470°

If the decomposition of the iodine molecules into atoms
iwere complete, the original density would be halved. Bromine
;tand chlorine exhibit similar peculiarities.
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§ 28. Nascent State.—The necessity of distinguishing

between atoms and molecules of elements has been but slowly

recognised
;

it has proved of great service in providing an

explanation of certain apparently inexplicable phenomena. It

has frequently been observed that many elements which, as a

rule, do not readily enter into combination easily unite if

brought together at the moment of their liberation from other

compounds. In this specially active condition the elements are

said to be in the ‘ nascent state.’ The peculiar behaviour of

elements in the nascent state is accounted for by assuming that

they are then present as isolated atoms. Naturally these isolated

atoms are more ready to enter into combination than they would

be if they were already united to similar atoms in the form of

molecules.

Hydrogen offers a striking example of the activity of

elements in the nascent state. It is only at a high temper-

ature that free hydrogen burns in oxygen, forming water, but

both elements will unite at the ordinary temperature, or even

at a lower temperature, at the moment of their liberation from

other compounds. It is more difficult to combine free nitrogen

with oxygen or hydrogen, but if the elements are in the nascent

state combination readily takes place. It is easy to understand

that isolated atoms at once unite when they meet each other,

but when an atom is united to one or more atoms to form a

molecule, it must first of all be detached from this molecule

before it can form a new compound. In the case of nitrogen

the tendency of the two atoms to combine and form the free

molecule appears to be very strong.

§ 29. Determination of the Stcechiometric Values.—Having

considered the grounds on which the determination of the

atomic weights is based, we must now proceed to the descrip-

tion of the methods employed in the exact determination of

these highly important values. The process is far from simple.

In the first place it is necessary to know, with the utmost degree

of accuracy, the proportions by weight with which the given

element unites with other elements. This knowledge can only

be acquired by careful analyses or syntheses of compounds.

But all our methods of analysis and synthesis are vitiated by

certain errors, which can never be entirely avoided, but must be
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reduced to the narrowest limits. Those methods alone are to

he used which can be carried out with the minimum amount of

error. In analysis a certain definite weight of a compound is

decomposed and the weight of its constituents determined. A
distinction is made between partial and complete analyses,

according as one or all the constituents are determined
;
and a

similar distinction is drawn between partial and complete syn-

theses. When practicable, complete or total analyses or syn-

theses are preferred, as in these cases we have a guarantee that

nothing has been lost or gained during the operations, when the

sum of the weight of the constituents is equal to the weight of

the compound. In many cases it is only possible to make a

partial analysis or synthesis, as some substances cannot be

brought into a form in which their weight can be ascertained

with a sufficient degree of accuracy.

As to the means for determining the weight and therewith the

mass of a body, the balance and weights have been developed to

a point of such great accuracy that the error has been reduced

ro 0^0 0

0

) loooooo - such accuracy can only be
attained in weighing stable bodies, which occupy a very small

space in proportion to their weight, and do not possess a very
large surface

;
for large volumes and large surfaces increase the

possible errors in weighing.

As weighings are generally made in atmospheric air, the
substance weighed appears lighter than it really is by the
weight of air it displaces.' This loss of weight can be calculated
and allowed for, but the error increases as the volume of air

displaced increases. Air and other gases and moisture condense
on the surfaces of the body weighed as well as of the vessels

containing it, and in this way the error of weighing increases
with the surface. This source of error can be diminished, but
cannot be entirely avoided.

In atomic weight determinations we avoid, as far as possible,

weighing gases or liquids on account of the error introduced by
the use of large vessels for holding them. This can be accom-
plished by measuring instead of weighing these bodies, if

the weight of the unit of volume, i.e. the density, has been once
determined.

The use of substances which easily oxidise, absorb moisture
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from the atmosphere, or in other ways change, should be avoided

if possible
;

if it is necessary to employ them they must be

weighed in air-tight vessels, which have either been exhausted

by the air-pump or filled with an indifferent gas.

It frequently occurs that an element in the free state is un-

suitable for weighing. In this case it is converted into a suit-

able compound, which is weighed, the amount of the element in

the compound having been previously accurately determined.

•Chlorine is weighed as silver chloride, sulphur as barium

sulphate, &c.

Great care must be taken to insure the purity of the

substance investigated and of the other substances used in

the various operations, in order that the bodies which are

weighed may really have the composition they are supposed to

possess. If these precautions are neglected very grave errors

will follow.

§ 30. Relation of Stcechiometric Determinations to each

other. As hydrogen has been selected as the unit of equivalent

and atomic weights, it is desirable to compare all determinations

with this standard. Unfortunately hydrogen only unites with

about a dozen other elements, and these compounds are mostly

gaseous like hydrogen, and consequently difficult to determine

quantitatively. Berzelius determined the atomic weights of

nearly all the elements with which he was acquainted with

wonderful accuracy, using as his unit the hundredth part of an

atom of oxygen, regarding the atomic weight of oxygen as 100.

He did this instead of using Dalton’s unit, hydrogen = 1, on

account of the difficulty involved in accurately determining the

composition of the gaseous compounds of hydrogen. He also

occasionally made use of Dalton’s unit, calculating out his

results in terms of this standard. At the present day we are

frequently compelled to adopt this indirect method. This in-

direct method involves the knowledge of the proportion by

weight in which hydrogen and oxygen unite to form water, and

as a natural consequence this determination has been made with

the greatest care. The ratio 1 :
7-98 has been obtained as the

mean of numerous concordant results arrived at by different

methods. Water contains 1 part by weight of hydrogen to

7-98 of oxygen, and according to Avogadro’s law (§ 19) we
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• consider that water contains two atoms of hydrogen, but does

not contain two or more atoms of oxygen.

Therefore

: 0 = 1 : 7-98, or H : 0 =•!
: 15-96.

There may be an error of one or more units in the second

place of decimals : that is, an error of some thousandths of the

total value. The practice of representing the atomic weight of

oxygen as a whole number, 16, is unwarrantable. Where gi-eat

; accuracy is not necessary the round number may be used as a

matter of convenience, and the calculated result will be nearly
: accurate; but when scientific accuracy is required such arbitrary

j alterations in the experimental results are not permissible.

Having determined the atomic weight of oxygen in this
’ way, we can now compare a large number of atomic weights of
mother elements, many metals in particular, with the atomic
• weight of hydrogen. The amount of oxygen in the oxides is

1 determined by analysis or synthesis. The quantity of the
^-element which unites with an atom of oxygen is equivalent to
ttwo atoms of hydrogen. Whether this quantity represents the
tatomic weight or a multiple or sub-multiple is ascertained by
imeans of Avogadro’s law, by the law of Dulong and Petit, or by
iisomorphism.

An example will explain the method. Berzelius obtained
I4-2835 grams of oxide by oxidising 2-9993 grams of pure iron,
^or 1-42817 gram of oxide from 1 gram of iron, or making the
rnecessary corrections for weighing in air 1*42836 gram of
coxide from 1 gram of iron. Une part by weight of the metal
cumted with 0-42836 of oxygen. The quantity of metal A
coxidised by one equivalent = 7-98 parts by weight of oxygen
iis

1 : A = 0-42836 : 7-98
;

A= 18-629.

This number cannot be the atomic weight of iron for on
multiplying it by the specific heat of the metal, c = 0-114, it
yields the product A . c = 2-13, whilst treble the value, i.e. 55-89,
yields 6-4.

^

The latter number also represents the quantity of
iiron contained in the molecular weight of ferric chloride
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(§ 25) ;
this must therefore be regarded as the atomic weight of

iron compared with hydrogen as unity. Similar determinations

by other chemists yield almost identical results. The mean of

the most trustworthy results gives 55’88 as the atomic weight

of iron.

The oxides of many elements are difficult to prepare in a

state of perfect purity. This is true of many of the light and

of some of the noble metals, but the chlorides, bromides, &c. of

these elements are admirably adapted for weighing. In such

cases the comparison of the atomic weight with that of hydrogen

is made by a more indirect method than the preceding. The

compounds of silver with chlorine, bromine, and iodine are quite

insoluble in water, and are therefore well adapted for analytical

determinations. The proportions by weight with which these

elements unite with silver have been very carefully estimated.

In fact, the most correct of all the stcechiometrical determina-

tions that have ever been made are those which fixed the com-

bining proportions of silver and iodine—

Ag : I = 1 : M7534.

This determination was carried out by Stas with the utmost

care and dexterity ;
the experimental error is about 1 in 100000.

As oxide of silver is too unstable] to permit of correct analysis

the proportion of silver to oxygen had to be determined by

several indirect methods, all of which yielded similar resu ts

The analysis of potassium chlorate, KCIO3, gave the relative

quantities of potassium chloride, KCl, and oxygen in the salt

:

KCl : 0 = 4-661G : 1.

By converting weighed quantities of potassium chloride,

KCl. into silver cUoride, AgCl, the following ratio was obtained

:

Ag : KCl = 1 :
0-69104.

Hence it follows that

Ag : 0 =
KCl

^•661 6
. J ^ Q.7458 ; 1.

0-69104
’

The same result was obtained in a similar way by the syntheris

of silver sulphide, Ag,S, and its oxidation to silver sulphate
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jjAg
2
SO^. Finally Stas analysed the chlorate, bromate and iodate

(of silver, AgClOj, AgBrOj, and AglOj. The results of these

{analyses, and of the syntheses of AgCl, AgBr, and Agl, lead

tto the ratio

:

Ag : 0 = 6-7456 : 1

vwhich agrees closely with the former result. Compared with

Ihydrogen, the atomic weight of silver is 107'66,

Ag : H = 6-7456 x 15-96 ; 1 = 107-66 : 1

Many other methods have been suggested for the indirect

ildetermination of the atomic weights of elements in terms of

iJiydrogen. The preceding examples will suffice to illustrate the

imethods employed.

§ 31. Selection from Different Determinations.—Although
mo method of determination is free from error, the amount of

esrror is very variable. Consequently the values for the atomic
weights obtained by different methods do not coincide absolutely.

But as Stas has proved by experiments, specially made for this

[purpose, that the atomic weights are constant and invariable

walues, under all known conditions, it follows that only one
I'/alue can be accepted as correct. It is necessary to select

this, the exact value, from the others. This problem is one
'frequently associated with difficulties, and requires much care
and consideration.

The analytical or synthetical methods employed must be
I’uubmitted to a critical examination for the purpose of ascertain-

jmg the extent and the sources of error.

The results of the method which is most free from error are
laaturally preferred. The magnitude of the error involved in a
»articular method can often, but not always, be ascertained by
making several determinations by the method and comparing
hhe results. This cannot, however, be done when all the
eeterminations contain a common error, a so-called ‘ constant

’

rrror; e.g. if in a case of oxidation the reaction is not quite
omplete, a definite quantity of the element will always yield
>30 little oxide, and in all such experiments the atomic weight
fill be found too high.

E
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If the precipitation of an element is accompanied by a S

certain loss, the total weight of the element will not he obtained, I

and the atomic weight will be too low in all the determina-
;

tions.

The constant errors are more to be feared than the casual ;

errors, because they lead us to believe in a degree of accuracy

which in reality does not exist. This explains why Gauss’s

method of least squares is seldom used in atomic weight .

determinations, although, as a rule, it is well adapted for deter-

mining the extent of errors of experiment.

A complete analysis or synthesis offers a certain guarantee

against constant or occasional errors. If the sum of the consti-

tuents is very nearly equal to the weight of the compound, this

indicates that no considerable loss has taken place, or that the

loss is exactly balanced by a gain of foreign matter taken up

during the analysis. The loss of constituents exactly balancing

the gain in foreign matter is a very rare occurrence. A partial

decomposition may be mistaken for a complete one, and thus

occasion serious mistakes. Berzelius attempted to determine the

atomic weight of vanadium by reducing its highest oxide in

hydrogen. Roscoe afterwards proved that only f of the oxygen

in the oxide is removed and that f remains in the residue,

which Berzelius regarded as the pure element. The true

atomic weight V is 51T,but Berzelius calculated it to be 137

—

i.e. VjOj.

The best guarantee against error of all kinds is secured :

when the atomic weight of an element has been determined

by several distinct methods, and the results are found to

agree.
. .

§ 32. Accuracy of the Atomic Weights.—An examination oi

the numerous atomic weight determinations shows that there is

an extraordinary difference in their degree of accuracy. The

ratio between a small number of the atomic weights has been

determined to the part of their value (e.g. between

iodine and silver), and for a somewhat larger number of elements

to the part. The error in the case of other elements

amounts to of their value, and in the case of a few it

is not less than one per cent. The relation between the
j
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ii atomic weights of hydi-ogen and oxygen, which is taken as

the standard by which all other atomic weights are measured,

may contain an error of one or two thousandths of its value.
' This possible error affects all the other atomic weights which
iare referred to this standard. But this uncertainty does not
' vitiate the acccuracy of the stoechiometric calculations, as they
I are independent of the standard chosen. If we express the
< other possible errors in terms of this unit, then the error is

mot greater than OT H for one third of the elements, and
<does not exceed 0-5 H for a second third. In the case of the
I remaining elements the error will amount to from 0-5 to 1, and
iin some cases, which require re-determining, may amount to
1 two or more units.

§ 33. Front’s Hypothesis.—It has already been pointed out
iin § 31 that our investigations indicate that the atoms of one
?and the same element are alike in all respects, but that the
fatoms of two or more different elements are dissimilar. Up to
tthe present day, it has never been possible to convert one
(element into another. At the same time, it is improbable that
tthe elements which have been discovered, or are yet to be dis-
(covered, are really primal forms of matter. Their large number
fand other reasons induce us to believe that just as the elements
aare the basis of the composition of all the compounds derived
ffrom them, so they in turn will prove to be combinations of
tunits of a higher order. This idea originated almost at the
ssame time as the atomic theory, but, in spite of much experi-
rmental and theoretical effort, it has never advanced beyond the
sstages of conjecture.

In 1815 an English chemist, Prout, published (at first
aanonymously) a conjecture of this kind. He observed that the
aatomic weights of many of the elements appeared to be rational
nnultiples of the atomic weight of hydrogen, and might be
rrepresented by whole numbers. Prout’s hypothesis is tempting
iin its simplicity, and for a time was favourably received by
rchemists, excepting by those who laad made exact and accurate
iiatomic weight

^

determinations. This hypothesis has never
rreceived experimental confirmation; on the contrary many
atomic weights may be nearly but not exactly represented by
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whole numbers, and in all the cases which have been accurately-

examined the deviations from the whole numbers have proved

to be greater than the possible or probable experimental error.

This hypothesis has attracted a considerable amount of attention,

but is opposed to the best atomic weight determinations of

Berzelius, Marignac, Stas, and others.

§ 34. Dbhereiner’s Triads.—Another relation between the

atomic weights, discovered by Dobereiner in 1829, has led to

better results. This chemist noticed that it frequently happens

that one member of a group of three analogous elements pos-

sesses an atomic weight which is approximately the mean of the

other two. In other cases, three elements bearing a close re-

semblance to each other in their properties have nearly the

same atomic weights.

HJxamples of the first class.

Lithium .

Difference

Sodium .

Difference

Potassium

Li. = 7-01

15-99

Na.= 23-00

. . 16-03

K.=3903

Sulphur .

Difference

Selenium .

Difference

Tellurium

Calcium .

Difference

Strontium

Difference

Barium

Ca.= 39-9

47-4

Sr.= 87-3

49-6

Ba.= 136-9

Chlorine .

Difference

Bromine .

Difference

Iodine
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Iron

Cobalt

Nickel

Examples of the second class.

. . . . . Fe.= 55‘88

Co.= 58-6

Ni. = 58-6

Ruthenium

Rhodium

Palladium

Osmium .

Iridium .

Platinum

Ru.= 10P4
Rh.= 102-7

Pd.= 106-3

Os.= 191

Ir.= 192-5

Pt.= 194-3

Dobereiner believed that in these relations might be found

tthe basis of a systematic classification of the elements, but it

mas long before this idea received development. It was impos-

Issible for the attempts which were made in this direction by
IPettenkofer (1851), Dumas (1859), and others to be successful, as

sat this time the atomic weights had not been systematically de-

cduced from the analytical results. When this had once been

eaccomplished, it was found possible to arrange all the elements

iin groups of 3, 4, or 5 members, in all of which groups the

cdifferences were approximately the same. In these groups of

felements, arranged in the order of the atomic weights of their

rmembers, is to be found the realisation of the systematic

cclassification of the elements which Dobereiner had striven to

aaccomplish.

The development of this system was brought about by the
IJabours of Newlands, Mendeleeff, Lothar Meyer, and others.

IThe following tables contain some of the elements arranged in

groups of four and five members each. The corresponding mem-
Ibers of the different groups form a continuous series of elements
arranged in the order of their atomic weights.

I

Difl.
Li 7-01 Be 9-1 Bo 10-9 C 11-97

N 14-01
16 16-2 16-1 16-3

Did.
0 16-96 F 19-06 Na 23-00 Mg 24-3 A1 27-0 Si 28-3

16-96 16-02 16-31 16-13 16-6 17-0 19-7

Did.
P 30-96 S 31-98 Cl 36-37 K .39-03 Ca 39 9 Sc 44-0 Ti 48

43-9 -46-89 43-39 46-2 47-4 44-9 42-4

Did.
As 74-9 Se 78-87 Br 79-76 Kb 86-2 Sr 87-3 Y 88-9 Zr 90-4

44 7 46-1 46-77 47-6 49-6 49 49-6
Sb 119-6 Te 126-0 I 126-53 Cs 132-7 Ba 136-9 La 138 Ce 139-9
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II

Ti 48 V 61T Cr 62-46 Mn 64-8 Fe 66-88 Co 68-6

Diff. 42-4 42-6 43-45 45-6 44-1

Zr 90-4 Nb 93-7 Mo 96-9 Eu 101-4 Eh 102-7

Diff. 88-3 87-7 89-6 89-8

- Ta 182 W 183-6 Os 191 It 192-6

Diff. 66-4

Th232 U 239-0

In the four last groups the second member is nearly the

arithmetical mean of the first and third
;
the fourth is the mean

of the third and fifth. In the first three groups, the elements

corresponding to the first members are missing. The differences

are nearly the same as in the other families.

The second table embraces a number of similar groups, in

which the difference between the first and second members is

only half the difference between the second and third members.

The first and last groups of this second table occur at the be^n-

ning and end of the first one, so that both tables may be united

into a continuous one.

§ 35. Arrangement of the Elements in the Order of their

Atomic Weights.—Most of the groups in the second table are

related to one of the groups in the first table by analogies in the

properties of their members, and especially by the isomorphism

oftheir compounds. Vanadium, V, is associated with phosphorus,

P, and arsenic. As, by isomorphism ;
in the same way chromium,

Cr, and molybdenum. Mo, are related to sulphur, S, and selenium,

Se
;
by the isomorphism of the permanganates with the per-

chlorates, manganese, Mn, is associated with chlorine. Cl.
^

The

first table does not contain any elements analogous to iron, nickel,

cobalt, and the six platinum metals; but copper, Cu, and silver,

Ag, are related to sodium, Na; and zinc, Zn, to magnesmm Mg,

and calcium, Ca; indium. In, to aluminium, Al; and tin, bn, is

isomorphous with silicon. Si, and titanium, Ti. We are there-

fore not only justified in joining these two tables together, but

in uniting them to form the following table. The perpendicular

columns contain not only closely-allied elements, but also others

which only bear an analogy to them in certain respects, but

differ from them widely in other points.
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II .—continued

Cu 6318 Zn 65-1 Ga 69-9 Ge 72 3 As 74-9

44-48 45-6 43-7 46-6 44-7

Ag 107-66 Cd 111-7 In 113-6 Sn 118-8 Sb 119-6

89-0 88-1 90-1 87-6 87-7

Au 196-7 Hg 199-8 T1 203-7 Pb 206-4 Bi 207-3

Atomic Weights op the Elements

— I II in IV V VI VII -•

Li 7-01 Be 9-08 B 10-9 C 11-97 N 14-01 0 15-96 F 19-06
IDiff. 15-99 15-2 16-1 16-3 16-95 16-02 16-31

Na 23-0 Hg 24-3 A1 27-04 Si 28-3 P 30-96 S 31-98 Cl 35-37
IDifE. 16-03 15-6 16-93 19-7 20-0 20-47 19-4 rFe 55-88

K 39-03 Ca 39-91 Sc 43-97 Ti 48-0 V 51-1 Cr 52-45 Hn 54-8 Co 58-6
IDiff. 24-15 25-2 25-9 24-3 23-8 27-42 25-0 Ni58-6

Cu 63-18 Zn 65-10 Ga 69-9 Ge 72-3 As 74-9 Se 78-87 Br 79-76
IDifl. 22-0 22-2 19-0 22-1 18-8 17-0 18? /Ru 101-4

Rb 85-2 Sr 87-3 Y 88-9 Zr 90-4 Nb 93-7 Ho 95-9 — 98? Rh 102-7
IDiff. 22-5 24-4 24-7 28-4 25-9 29-1 28? Pdl06-35

Ag 107-66 Cd 111-7 In 113-6 Sn 118-8 Sb 119-6 Te 125-0 1 126-54
IDiff. 25-0 25-2 24-4 21-1

Cs 132-7 Ba 136-9 La 138 Ce 139-9 —
34-6 Os 191— — Yb 172-6 — Ta 182 W 183-6 It 192-5
31-1 25-3 Pt 194-3

Au 196-7 Hg 199-8 T1 203-7 Pb 206-4 Bi 207-3 —
23-6

Th 232-0 *~ r 239-0

Tn the horizontal rows of this table the elements are ar-

sanged in the order of their atomic weights. If the right side

>fif each row is connected with the left side of the following row
. . single continuous series of all the elements will be produced,
in this arrangement the nature and properties of the members
^Till be represented as periodic functions of the atomic weights,

|1hanging systematically as the atomic weight increases from
member to member, and returning to the beginning after a
eertain number of members. The periodicity may be more
ilearly indicated by means of the table at the end of this book,
-he table must be pasted on a wooden or pasteboard cylinder of
laiitable dimensions, so that the right and left sides meet.

The first two periods or series each embrace seven elements

1 2 3 4 6 6 7

I Li Be B C N 0 . FI
II Na Mg Al Si P S Cl



56 OUTLINES OF THEORETICAL CHEMISTRY

The cori’esponding members closely resemble each other e.g.

lithium and sodium, beryllium and magnesium.

This resemblance continues in the third and fourth periods,

so far as the first members are concerned
;
the following members

do not exhibit corresponding properties, and it is not until we

reach the seventeenth member after potassium that another

alkali metal, rubidium, recurs. The next alkali metal, caesium, is

again the seventeenth element after rubidium. Both metals are

preceded by elements which are closely related to the last

members of the first and second periods. On closer considera-

tion, these large periods are found to split up into two smallei

periods, in which some of the properties of the elements recur

at a shorter interval. This is seen in the following table .

1 2 3 4 6 6 7 8 9 10

III. K Ca Sc Ti V Cr Mn Fe Co Ni

Cu Zn Ga Ge As Se Br
Pd

IV. Rb Sr Y Zr Nb Mo — Ru Rb

Ag Cd In Sn Sb Te I

V. Cs Ba Lci Ce

The elements in the same column all have certain properties

in common, but only the alternate elements bear a.close resem-

blance to each other. After cerium, Ce, there is a gap of about

forty units. This will probably be filled by the rare earth metals,

which have not yet been sufficiently well^ investigated. Then

comes ytterbium (the atomic weight of this metal has not been

accurately determined) and tantalum
;
they are followed by

elements resembling the former members, in the same order as

in the preceding periods, but leaving some gaps and spaces :

1 2 3 4 5

_ — Yb — Ta

Au Hg 'IT Pb Bi

6 7 8 9 10

\Y — Os Ir Pt

U

The gaps in this and the preceding tables will probably be

filled by elements which remain yet to be discovered. Severa

of the gaps which existed when the periodic system of the

elements was first promulgated have been filled y

discovery of scandium, gallium, and germanium, and by the cor-

rection of the atomic weights of indium, yttrium, cerium, and

lanthanum.
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It appears from the table on page 55 that a dozen elements

iare yet to be discovered. The majority of these gaps will

probably be filled by rare earth metals with atomic weights

lying between 140 and 180.

§ 36. Periodicity of the Physical Properties of the Elements.

—

If we examine the long series of elements from member to

1 member, we find a change in the properties, sometimes gradual

!and sometimes sudden, which recurs in the following periods in

I a similar way, so that almost every property of an element occurs

.•again in a similar way in one or more of the later members, so

1 that the properties of each individual element are determined by

i its position in the series. This is not only true of the chemical

fand physical properties of the elements, but also of the com-

]
pounds.

This recurrence of the physical properties is very striking in

I the case of density, which regularly increases and decreases in

( each period. The connection between density and atomic weight

iis best exhibited by taking the atomic volume instead of the

(density

—

i.e. the volume occupied by the atomic weight instead

( of the weight of the unit volume. The simplest expression for

tthe atomic volume is obtained by dividing the atomic weight by

Ithe density.

These quotients represent the volume of the atoms in the

s sol id state compared with the volume occupied by the unit

’weight of liquid water as unity. As the absolute weight of an

j atom of hydrogen is not known, the unit of atomic weights is

mot known, and this unit of volume must remain an unknown
(quantity. But these quotients may be compared by means of

j

I another standard

—

e.g. the atomic weight ofan element, expressed

iin grams, occupies in the solid state the same number of cubic

(Centimetres as the value of the atomic volume. For example,

Ithe atomic volume of silver is 10'2, and therefore 107’66 grams
(of silver occupy 10-2 c.c.

In the table on p. 58 the density D and the atomic volume

’V are given under the symbol of each element. The density

Ibegins at a minimum with the alkali metals, lithium, sodium,

irubidiura, caesium, and ascends from here in the first two

j
periods to carbon and silicon

;
in the following periods the density

(continues to increase after passing the homologues of these
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elements till it reaches the metals copper, ruthenium, osmium^

and then sinks. In the atomic volumes the position’ is reversed

—

the maximum is at the alkali metals, and the minimum occurs

at carbon, aluminium, nickel, ruthenium, osmium.

Density and Atomic Volumes of the Elements

— I 11 III IV V VI VII VIII

Li Be B C N 0 F
D 0-59 1-S3 2-68 3-3 S(?) 2 0) i-3 0)
V 11-9 4-9 4-0 3-6 6(?) 8(?) 13(?)

Na Mg A1 Si P S Cl

D 0-97 i-74 2-36 2-49 2-3 204 T38
V 23-7 13-9 10-6 11-4 13-5 15-7 26-6

K Ca Sc Ti V Cr Mn Fe Co Ni

D 0‘S6 1'57 2-6 (?) 3-7 (?) 3-3 ^8 S-0 7-8 8-3 8-8

V 45-4 25-4 17(?) 13 (?) 9-3 7-7 6'9 7-2 0-9 6*7

Cu Zn Ga Ge As Se Br

D S-8 7-15 3-96 3-47 3-67 4-6 2-97

7-1 91 11-7 13-2 13-2 17 26-9

Rb Sr Y Zr Nb Mo — Ru Rh Pd

D T52 2-50 3-6 (?) 4'i3 7-06 8-6 — 12-26 12-1 11-3

V 661 34-9 26 (?) 21-7 13-0 111 8-3 8*5 9-2

Ag Cd In Sn Sb Te I

D -10-5 8'63 7-42 7-29 67 6-23 4-94

V 10-2 12-9 15-3 16-3 17-9 202 26‘6

Cs Ba La Ce

D 1-SS 3’73 6-2 67
V 70-6 36'6 22-5 210

Ta W Os Ir Pt

X) iO-8 — 22-/0 22-42 21-30

V 16 9 9-6 8-6 8-6 91
.

Au Hg Tl Pb Bi

D 19-3 14-2 U-86 H-38 9-82
1

V lOT 14-1 17-2 1ST 211 I

Th
i

U i

1

D 11-2 — '

-I8-69

V 20-9 12-6
i —

The relation between the atomic volume and atomic weight

is more clearly depicted by the accompanying graphic re-

presentation. In this table the elements are arranged on the
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icorizontal axis of tlie abscissae at distances from zero propor-

iional to their atomic weights. The position of each element is

Itenoted by the corresponding symbol, and from each of these

K'oints an ordinate is drawn, which is proportional in length to the

irtomic volume of the element. By connecting the summits of

lUl the ordinates by lines, we obtain a curve which clearly

Illustrates the relation of the atomic volume to the atomic

rf’eight. The alkali metals occupy a striking position at the five

iiaaxima. Those portions of the cui’ve between the maxima

eesemble chains, which are broken at certain points, because

!ihe elements which should occupy these positions are either

unknown or have not yet been sufficiently investigated. The

great regularity in the course of the curve indicates that the curve

vrill, without doubt, closely follow the dotted course. On this

icccount the probable values, in round numbers, of the density

imd atomic volume of these elements have been inserted in the

)Dreceding table. In order to distinguish the real from the

nypothetical values, notes of interrogation are affixed to the latter.

It is very remarkable that the properties of all the elements

ipppear to be determined by their position on this curve. The

liescending portions of the curve from the maximum to the

minimum, and a little beyond, are entirely occupied by diflScultly-

msible and non-volatile elements, and, as a rule, the lower the

‘Ijlement is on the curve the less fusible it is found to be.

Wnly easily-fusible, and as a rule volatile elements occur on the

wscending portions of the curve.

In the first period, nitrogen, oxygen, and fluorine are gases,

|tn the second period chlorine
;
but phosphorus and sulphur are

‘easily fusible and volatile. In the next period the series of volatile

“fiements begins with zinc (or perhaps even with copper). In the

cbllowing period, the volatile elements begin with silver, which

^can be distilled by means of the oxyhydrogen blowpipe, and in

the last incomplete period mercury is the first volatile element.

[This relation may be expressed in general terms by saying that

when the atomic volume decreases with an increasing atomic

weight the elements are refractory and non-volatile
;
but when

the atomic volume increases as the atomic weight increases the

‘elements are easily fusible and volatile.

Other properties change twice in these larger periods. This is
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the case with the metallic nature of the elements as exhibited by K
their malleability. The elements at the maximum of the curve B
and their immediate successors are metals. They are followed B
by brittle elements down to the minimum. These are suc-

ceeded by malleable metals, which are separated from the metals

at the maximum by brittle non-metals and semi-metals

—

e.g.

K, Ca, (Sc ?), malleable

;

Ti, V, Cr, Mn, brittle
;

Fe, Co, Ni, Cu, Zn, Ga, malleable
;

Ge, As, Se, Br, brittle or non-metallic.

The malleability is the same in the following periods. Other

physical properties change in a similar way, but some of these

properties have not yet been sufficiently investigated. The

elements on ascending portions of the curve are without excep-

tion diamagnetic, those on the falling part of the curve are

magnetic. The optical properties, crystalline form, and expan-

sion by heat exhibit similar regularities.

§37. Periodicity of the Electro-chemical Properties.—The

intimate connection between the chemical properties and the

atomic weight proceeds from the fact that the whole system of

arrangement consists in biinging together the natural families

of elements which have been developed from Dobereiner’s

triads.

The chemical elements and their compounds exhibit certain

contrasts in their nature. These are indicated by the terms

‘ positive ’ and ‘ negative.’ The use of these terms arises from the

close relation between chemical and electrical properties. As a

rule, when two or more bodies of different composition are brought

in contact with each other, both are electrified—one becoming

positive, the other negative. The greater the difference between

the composition of the two substances the greater the electrical

excitement will be. The difference which exists between^ the

two bodies is called the electro-chemical difference. The direct

measurement of the electric charge produced by the contact of

heterogenous bodies is difficult. But the electro-chemical nature

of the substances can be determined by another method. Many
|

liquids and some solids are decomposed by the electric current. i
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lln this act of electrolysis, those constituents which are positive

con contact are liberated with the positive electricity and those

Twhich become negative with the negative electricity, so that the

eelectro-chemical nature of the constituents is easily recognised.

IThe difference in the electro-chemical nature of a substance is

mot absolute, but merely relative, so that one element can be

fpositive with regard to a second element and negative to a

tthird. It has also been observed that a positive element in a

ccompound can generally be replaced by a more positive and a

rnegative by a more negative. This replacement of one element

Iby another, affords another means of ascertaining the electro-

cchemical nature of an element. The oxides and hydroxides of

tthe positive elements have basic properties (i.e. they neutralise

aacids)
;
the oxides, hydroxides, and some of the hydrides of the

I negative elements are acids.

If the elements are divided into the two classes—electro-

inegative and electro-positive—these properties are regularly

cdivided in the periods. In the atomic volume table, the positive

eelements are denoted by * and the negative by— . The positive

mature changes in the same way as the metallic nature and

tmalleability, i.e. twice in the large periods of atomic volumes.

The first family in the table on page 55 consists of positive

{elements, the alkali metals, Li, Na, K, Rb, Cs
;
the positive

{character increases with the atomic weight, and caesium is not

conly the most electro-positive metal of this group but of all the

eelements. The metals Be, Mg, Ca, Sr, Ba, in the second family,

(closely resemble these metals in their electro-positive nature
;

aagain, we find the metal with the highest atomic weight, barium,

iis the most electro-positive. In the third family, containing Bj^,

:Al, Sc, Y, La, Yb, the electro-positive nature is much feebler. The
Ihydroxide of boron is a feeble acid, and aluminium hydroxide

{exhibits the properties of a weak acid as well as of a strong

Ibase : here again the negative character grows feebler and the
{positive stronger, as the atomic weight increases. In the fourth

^family C, Si, and Ti yield acids, but the higher members Zi’, Ce
aand Th have a more positive character. The elements in all

tthese four families have one property in common : they form very
{Stable compounds with oxygen, and consequently their oxides
aare difficult to reduce.
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The four sub-groups, which are entirely composed of heavy
^

metals, are of an opposite character

;

I. II. III. IV.

Cu Zn Ga Ge

Ag Cd In Sn

Au Hg T1 Pb

These elements are easily obtained from their oxides and +

analogous compounds by reduction. In the two first groups, 1

the facility with which the compounds are reduced increases
|

with the atomic weight. In the first and second family the 1

positive character decreases as the atomic weight increases. |

This is exactly opposite to the behaviour ofthe difficultly-reducible
|

light metals of this family. Nothing is known of the third
;

group in this respect, but in the fourth gi-oup lead (Pb) is more

positive than tin (Sn)
;
the positive character, as usual, increasing

with the atomic weight.
_ _

'

The same ' contrasts occur in the following three families,

only with this difference, that the first members do not belong

to the difficultly, but to the easily reducible, elements ;
with the

exception of phosphorus, which is not so easily reducible as

arsenic, antimony, and bismuth, but more easily than vanadium,
^

niobium, and tantalum. The chief group is here formed of the

easily reducible elements

:

V. N P As

VI. 0 S Se

VII. FI Cl Br

The sub-group is composed of the difficultly-reducible

elements

;

Y, V Nb Ta

VI. Cr Mo W U

VII. Mn — — "

The three groups generally embraced in family VIII. are

easily reducible

:

Fe

Co

Ni

Bu
Rh
Pd

Os

Ir

Pt
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A comparison of the chemical properties with the position

• on the curve of atomic volumes shows that the clitBcultly-re-

' ducible elements occur on the descending, and the easily-reducible

' elements on the ascending, portions of the curve, but the change
from positive to negative is seen on both portions of the

• curve.

§ 38. Theoretical Prediction of Properties.—The close con-

nection between atomic weights and properties renders it possible

1 to predict the unknown properties of an element as soon as its

i atomic weight is ascertained, and, on the other hand, the atomic

weight can be deduced approximately from the chief properties

• of an element.

When the ‘ Periodic Law ’ was first propounded, scandium,

I

gallium, and germanium were unknown, and the position

these elements now occupy was represented by blank spaces.

Mendeleeff ventured to predict the properties of these un-
• discovered elements, and his predictions were afterwards verified

when the elements were discovered and investigated. The
speedy recognition of the value of this systematic an-angement
of the elements was, to a great extent, the result of this happy
verification of Mendeleeffs predictions. On the other hand,
some atomic weights had been incorrectly determined, and
attention was called to this fact by the circumstance that these

• elements did not fit into the system.

The atomic weight of caesium was ten units too low
;
indium

was only two-thirds of the value now in use. Earlier determi-
nations placed platinum before iridium and iridium before

- osmium, but the properties of these metals indicated that the
order should be reversed, and this has been confirmed by the
new atomic weight determinations of K. Seubert. The question
whether the atom of beryllium corresponds to two or three
equivalents—that is, whether the atomic weight is 2 x 4‘54= 9-08
or 3x4-54= 13-62—has been decided by the followers of the
periodic system in favour of the first assumption, because there
is no space for an element with the atomic weight, 13-6
between carbon (0= 11-97) and nitrogen (N= 14-01), and an

' element possessing the properties of beryllium would be out of
place in such a position. The question was definitely settled
by the determination of the vapour density of beryllium chloride
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by Nilson and Pettersson. This result has also materially

influenced the recognition of the Periodic System.

§ 39. Periodicity of Valency.—The elements differ widely

in their combining power. The atoms of some elements can

only combine with a single atom, but the atoms of other elements

can each unite with two, three, four, or more other atoms. They

have double, treble, &c., the power of the other atom, and are

said to be di-, tri-, tetra-, penta- or hexa-valent, or they are said

to have two, three, or more affinities.
^

Hydrogen again forms

the standard of comparison, as it does in the case of the equiva-

lent and atomic weights. The combining powers of the chemical

elements vary regularly with the atomic weights.

All those elements are called ‘monovalent’ that have an

atomic weight equivalent to one atom of hydrogen; if their

atoms unite with or displace two atoms of hydrogen, they are

said to be divalent.

The determination of this property of chemical valency is

simple enough in principle. For, if the atomic weight of an

element is equal to its equivalent weight (§ 11), the elemen

is monovalent; if the atomic weight is double the equivalent

weight, it contains two equivalents and the element is dwalent.

Generally speaking, the chemical valency is determined by

the number of equivalent weights contained in the atomic weight.

The chemical valency determined by this method^ is a periodic

function of the atomic weight. Before studying this relationship,

it is necessary to consider the methods of determining valency.

S 40. Determination of Chemical Valency.-The valency of

an element is most easily determined from the composition o

the molecule of its hydrogen compounds. These hydrides are

not numerous ;
they may be divided into four types

I.

HF
HCl
HBr
HI

II.

H,0
HjS
H^Se

H,Te

III.

H,N
H3P
H3AS

IV.

H.,C

H,Si

As the hydrogen atom can only unite with a single atom of

its own class to form the molecule H^, we must assume t a

the hvdrogen atoms contained in the compounds under li., ii
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aand IV. are united to the other constituents. These compounds
unay be represented graphically by the formulse

—

H—F H—0—n H—N—

H

H

H
IH—C—

H

I

H
Tlie dashes indicate the manner in which the atoms are

Bsupposed to be united together. As the elements in the four
ttypes are incapable of combining with a larger number of hydro-
ggen atoms, we regard fluorine, chlorine, bromine, and iodine as
iimonovalent; oxygen, sulphur, selenium, and tellurium as divalent

;

laitrogen, phosphorus, arsenic, antimony as trivalent
;
carbon,

^silicon as tetravalent
;
in their compounds with hydrogen.

As F, Cl, Br, and I are monovalent in the compounds in the
fiSrst group and have the same valency as hydrogen, they may
bbe used like hydrogen, for the purpose of determining the valency
»f other elements. This is very desirable, as their compounds
ure much more numerous than those of hydrogen. A compari-
son of the fluorides, chlorides, bromides and iodides of the first

IV.

CCl,

SiCl,

TiCl,

GeCl,

ZrCl,

SnCl,

(CeCl,?)

(PbCl,?)

The chemical valency is constant for each family, and, with an in-
rreasing atomic weight, rises from one family to the next bv one
’.nit.

’

t-

families behave in a similar way, but at first
light the relationship appears somewhat more complicated
he composition of the typical hydindes indicating that the
alency decreases, thus :

—

which have just been mentioned, e.g. :

I. II. III.

LiCl BeCl^ BCI3
NaCl MgClj AICI3
KCl CaCl^ SCCI3

CuCl ZnCl^ GaCl.
RbCl SrClj YCI3

AgCl CdCl^ InClg
CsCl BaOl2 LaClg

AuCl HgCl2 TICI3



Valency Hydrides

1 x 1 = 1 —
2 x 1 = 2 —
3x1 = 3 —
4x1 = 4 SiH,

3x1 = 3 PH
3

2 x 1 = 2 SH 3

1 x 1 = 1 CIH
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fluorine are missing; no oxide of the latter element has as yet

been prepared. In VIII. iron is omitted
;
the highest oxide, the

anhydride of ferric acid, is unstable and lias not been satis-

factLily investigated. The same is true of the highest oxides of

Co, Ni, Rh, Pd, Ir, Ft.

A few examples of the hydroxides will suffice .—

Hydroxides

I. NaOH = Na(OH)

II. MgO^H^ = Mg(OH)2

III. AIO
3
H

3
=A1(0H)3

IV. SiO,H, =Si(OH),

V. P0,H3 =P0(0HX
VI. SO.H^ =SO^{OB.\

VII. CIO 4
II = C103(0H)

.....«— -srr 2..:
towards oxyg

_ oxygen and other negative elements, but

“erone for hydrogen and the positive elements as

n “pJssitl"x» Yn tht Determination of«
TT 1 There are many other compounds, besides those

Valency.-There are m y

mentioned “
‘ Jj, „f an element. Most of these

c- . .»»— "•

"
“t“tme ofl affinities remain iinsatnrated. The

tetrTvMert carbon atom can unite with four monad atoms, such

r^drogen or chlorine, or two divalent oxygen atoms

ClH
1

H-C-H
1

H
Marsh Gas

Cl- c -Cl
1

Cl

Carbon Tetranliloride

0 = C = 0

Carbon Dioxide
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When a limited supply of oxygen is passed over an excess

I of red-hot charcoal, then the carbon atoms cannot take up the

maximum amount of oxygen, but form carbon monoxide.

The molecule of this compound is represented by the

: formula

*“C = 0.
#

—

Here the asterisks are intended to show that two affinities are

unsaturated
;
this is proved by the fact that the compound unites

with two atoms of chlorine, forming phosgene gas,

Nitric oxide (NO), nitrogen peroxide (NOg), and nitro-

I sylchloride (NOCl) are similar compounds : they are known as

unsaturated compounds or as compounds containing unsatu-

; rated affinities. Those metals which only contain one atom in

tthe molecule (§ 27), e.g. mercuiy, cadmium, and zinc, belong

I to this class.

There is another class of compounds which cannot be

1 regarded as unsaturated. In these compounds the number of

I monovalent atoms does not correspond to the valency of the

]
polyvalent atom.

In addition to marsh gas CH^, we are acquainted with hydro-

( carbons which only contain three, two, or one atom of hydrogen

ifor each atom of carbon. A determination of the molecular

'weight shows that each of these compounds contains more than

(one atom of carbon, e.g. ethane CgH^, ethylene CjH^, acetylene

(C2H2. The two latter unite with hydrogen with some difficulty,

fforming ethane
;
but they combine more readily with chlorine.

1Ethylene takes up two, and acetylene four, atoms of chlorine,

Ibut not more.

The compounds C2Hg, C2H^Cl2, C2H2CI4 must be regarded

fas saturated, although they only contain three monovalent atoms
ffor each carbon atom. This is explained by the fact that one
f affinity of each carbon atom is required for the purpose of

fattaching it to the other carbon atom, so that only three affini-

tties are free to unite with hydrogen or chlorine

:

—
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H H
1 I

H— C—C—

H

1 I

H H

that is, one less than corresponds to the chemical valency.

A correct determination of the valency may be attempted by

taking into account the affinities required for the purpose of

linking together the polyvalent atoms : but this process may

lead to erroneous conclusions. If we apply it to ethane we

obtain the correct result : 6 affinities for H and 2 for C
;
total 8.

But in the case of ethylene we only obtain 2 for C and 4 for H
;

total 6 : and for acetylene 2 for H and 2 for C
;

total 4.

According to these results carbon might erroneously be con-

sidered as only di- or tri-valent.

It was formerly assumed that some of the affinities in ethyl-

ene and acetylene were unsaturated : this hypothesis is unneces-

sary and is even regarded as improbable at the present day.

The fact that the carbon is combined with less hydrogen in

these compounds than it is in ethane, may be due to the carbon

atoms being attached to each other by more than one affinity,

thus :

—

H3=C-C=H3 h,=c=ch, h-c=c-h
Ethane Ethylene Acetylene

It follows from these considerations that the chemical valency

can only be deduced with certainty from the composition of

those compounds which only contain one atom of the polyvalent

element in the molecule. If more than one polyvalent atom is

present we do not know how many affinities are used in uniting

the several polyvalent atoms together. We must carefully

ensure the absence of uusaturated affinities in the compound.

It is often difficult to decide whether this is the case, as the

compound will not contain the full number of monovalent atoms

if the element has feeble affinities.
_ _

The determination of the valency is a problem requiring

great care in its solution, and it is not surprising that in the

case of many elements the valency has not always been correctly

determined.
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§ 42. Irregularities of the Chemical Valency.—There are

<€xceptions to the great regularity in the relation of chemical

’Valency to atomic weight. Certain compounds undoubtedly

(Contain more chlorine, bromine, or oxygen than corresponds to

I their chemical valency. Many of these compounds may be

1 regarded as molecular aggregations, formed by several complete

I molecules crystallising together. The beautiful crystalline com-

]
pound PClgBr^ may be regarded as PClaBrj + Brj, or as PClg

+ Bi’g + Brj
;
in the same way the unstable tri-iodide of potas-

) sium may be considered to be KI-f-l
2
=Klg. But all such

( Compounds cannot be regarded in this light. Auric chloride,

AuOlg, is undoubtedly a true chemical compound
;
and gold

; must be trivalent, not monovalent, as we should expect from

; its being a member of the first family. The molecular weight

• of cupric oxide, CuO, is not known, as the oxide is non-volatile.

Its formula may be Cu—0—0—Cu
;
but cupric chloride, CuClj,

• could not have an analogous formula. Copper is isomorphous

with divalent zinc, and must therefore be divalent. It is shown

to be a member of the first family by the fact that the chloride,

CuClj, is not volatile, but is decomposed by heat, losing half its

chlorine, yielding cuprous chloride. The molecular weight

deduced from the vapour density determination of Victor Meyer
corresponds to CugClg, Cl—Cu—Cu—Cl, in which copper is

again divalent. At present we can only point out these excep-

tions without attempting to offer any explanation.

§ 43. Theoretical Significance of Chemical Valency. Nature
of Affinity.—As science is not satisfied with a simple knowledge
of facts, but endeavours to investigate their causal connection,

theoretical chemistry has attempted to solve the problem of

explaining the remarkable fact, that the chemical valency of

different elements undergoes a systematic variation. It is very

difficult to find this explanation, as very little is known as to

the cause of the formation of chemical compounds. The cause

is termed affinity, because the old chemists held that only those

bodies are capable of uniting with each other, which possess a

certain likeness or affinity for each other. Exactly the opposite

view now prevails ; namely, that the more unlike two bodies are,

the more readily will they combine together
;
but the term

affinity still suiwives.
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Affinity is generally considered to be an attractive force

existing in the atoms. This hypothesis is not the only one

possible, nor is it, indeed, the most probable, but it is the most

convenient, and consequently the most generally accepted. This

hypothesis will be used for the present, and the consideration

of other hypotheses (still imperfectly developed) which do not

require the assumption of an attractive force, will be post-

poned. Affinity is probably closely allied to, if not identical

with, electrical attraction
;
but no definite statement on this

point can be made at present.

Affinity only acts at short distances
;

for bodies combine

or decompose each other only when in direct contact. It is

not in any way directly identical with the attraction which is

produced by the ordinary electric charge or by magnetisation,

which work at relatively large distances. We may imagine

such a division of the magnetic or electric masses in the

atom, as to produce an attractive force which could only be

effective at a very small distance. But at present the state

of our knowledge is not yet ripe for speculations of this

nature.

Leaving aside the question of the true nature of affinity, we

may still be able to draw some conclusions from the differences

of chemical valency.

There is no doubt that the effect of affinity is to keep the

atoms in a compound at a definite distance from each other,

for the space which a compound occupies in the solid or fluid

state is fixed and definite. It varies regularly with the tem-

perature and pressure, but depends on the nature of the^ con-

stituents. The atoms cannot be immovable in the positions

which the affinities have caused them to assume
;

for, according

to the mechanical theory of heat, not only the molecules as

such, but also the atoms in the molecules, are in a state of

active motion, oscillating or rotating round points of equi-

librium.

In the solid state the molecules of most ^bodies arrange

themselves systematically, forming crystals. The foim of the

crystal is determined by the composffion of the molecules

and the nature of the atoms contained in the molecule, and is

characteristic of both. As the different parts of a crysta
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I exhibit certain points of difference, and the nature of this dif-

ference depends on the composition of the molecules and the

nature of the atoms, it seems probable that these points of differ-

I ence must already exist in the atoms and molecules themselves.

' The attractive force of affinity is active at these points. It en-

I deavours to attract the other atoms and keep them in positions,

' which lie in these lines of force at a definite distance from the

( centre of gravity of the first atom. The distances between the

I centres of gravity may vary considerably for different atoms.

' There will be only one such position in the vicinity of a mono-

’ valent atom, in which a second atom can be fixed
;
but there

’ will be two such points for a divalent and three for a trivalent

latom, &c.

We may also venture to determine the position of these

]
points in space. In the case of a compound consisting of two

monovalent atoms only the distance between the atoms is fixed

;

' the system will be in a state of equilibrium in any position-.

' This may be the reason why compounds formed of two mono-

’ valent atoms generally crystallise in the regular system. A
polyvalent atom requires a number of points corresponding to

iits chemical valency; these positions must be symmetrically

i aiTanged, at equal distances from the centre of gravity of the

]
polyvalent atom. If this is not the case an exchange in the

]
position of the atoms will produce ‘ isomeric ’ compounds—that

i is, compounds possessing the same composition, but exhibiting

( dissimilar properties. For example, there would be two potas-

I sium hydroxides, K — 0 H, and H-0 K, and two

i amides of potassium,
jj _

N K, and _ N - - - H.

Apparent examples of this kind of isomerism have from time

t to time been discovered, but on closer investigation they have

1 invariably been proved to be spurious. It is, therefore, exceed-

Tngly probable that the points are symmetrically arranged at

• equal distances round the surface of a sphere. In a divalent

I atom the points will be diametrically opposite each other
;

in a

1 trivalent atom the points will be arranged in a circle, at angles
I of 120°; in a tetravalent atom the points will be arranged in

I space like the angles of a regular tetrahedron
;
in a hexavalent

I atom the points will occupy the solid angles of an octahedron,
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or the centres of the faces of a cube; in an octovalent atom the

points are arranged like the corners of a regular cube, or the

centres of the faces of an octahedron. A perfectly symmetrical

arrangement of five or seven points on the surface of a sphere is

not possible, but it is probable that in this case the arrangement

will be as symmetrical as possible.

Starting from these assumptions, it is easy to represent the

configuration of the molecules, which are composed of mono-

valent atoms and only one polyvalent atom. A compound con-

sisting of two monovalent atoms, or two monovalent and one

polyvalent atom, is represented by a formula lying in a straight

line —
H Cl H 0 H

One trivalent and three monovalent atoms lie in a plane :
—

H H

N

H

One tetravalent and four monovalent atoms are arranged round

the centre of a tetrahedron, at the solid angles. In fact, physical

investigations of such compounds have made it exceedingly

probable that their molecules really possess this form.'

It is difficult to follow this hypothesis when the monovalent

atoms are wholly or partly replaced by polyvalent atoms, for

one atom cannot occupy several positions at the same time.

Attempts to overcome this difficulty are made by assuming that

the atom alternately occupies the different positions moving

between them like a pendulum, or rotating about them. This

view receives support from the observation that compounds con-

taining polyvalent atoms attached to each other by multiple

linkings occupy a larger space than those compounds do in

which the polyvalent atoms are united together by a single

linking. Again, it is observed that those carbon compounds

which contain doubly or trebly linked carbon atoms easily split

> Conclusions drawn from the friction of gases, with reference to the size

of the section of molecules, appear to confirm these views.
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mp at the points where the double or treble linking exists.

(Great importance must not be attached to speculations of this

mature at present, as they are much too hypothetical
;
but they

sserve a useful purpose by enabling us to survey a variety of

(observations from a common standpoint.

§ 44. Investigation of the Constitution of Chemical Com-

iponnds.—The chemical valency of the elements and the com-

{position of their compounds are intimately related. Not only

tthe number of the atoms, but their arrangement in the molecule,

(•depends on the valency of the elements. The possibility of

(investigating and ascertaining the manner in which the atoms

(are arranged, was for a long time a disputed question. Although

ssome chemists attempted to investigate the aiTangement of the

(atoms, others looked upon such investigations as absolutely

valueless. But even the followers of the latter school could not

(avoid holding certain views regarding the manner in which the

(atoms combine together to form compounds, for they rejected as

(unwarranted the doubts which existed as to the cori’ectness and

{permissibility of their views. This dispute lasted more than

(twenty years, and, strange to say, it ended in the overthrow of

(these old dogmas by new hypotheses, by means of which we
I have acquired an unexpected insight into the nature of chemical

(compounds. At the present day the investigation of the ‘ con-

sstitution ’ or ‘structure’ of the chemical compounds is one of

(the chief problems of the science
;
more particularly is this the

(case in organic chemistry, which treats of the compounds of

(carbon. In the course of the last fifty years these investigations

lhave been brought to such a state of perfection, that it is now
1 usual to dogmatically insert the results of such investigations in

(text-books as the fixed truth, without giving any exact account
<of the methods which have led to the attainment of such intimate

1knowledge.

It is desirable to know the exact grounds on which our
1 knowledge rests, not only in the interests of those who specially

(devote themselves to such subjects, but also in the interests of
(the general history of civilisation and the history of science in
{particular. These investigations form one of the most striking
(examples of the power of the human mind to penetrate into
(things which are as a sealed book to our senses alone. The
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path which the science of chemistry pursued, to attain its pre-

sent position, was long, and not entirely free from error. But in

looking back we can separate the essential from the non-essential

and gain without difficulty a clear idea of the chief features of

this development.

The chief difference between our present views and the older

conceptions consists in this ; formerly it was more or less ex-

plicitly assumed that a chemical compound was held together

by the total attractive force of the affinities of all the atoms

contained in it, but as our knowledge increased it was gradually

recognised that the connection is between atom and atom and

that the atoms are attached to each other like the links in a

chain, the continuity ceasing if even a single link of the chain

is removed. This kind of combination- is termed ‘ atomic

linking ’
;
the idea involved was not suddenly realised, but w as

the gradual outcome of previous conceptions.

The necessity of studying the atoms themselves was clearly

stated by A. Kekul6 in 1857, and by A. S. Couper in 1858.

The doctrine of atomic linking is the outcome of the investiga-

tion of organic compounds, and at the present day it is chiefl)

applied to organic bodies; but numerous conclusions with regard

to the constitution of inorganic compounds have been deduced

by its aid.

' The theory of atomic linking first gave a satisfactory ex-

planation of the common observation that two or more cheinical

compounds having the same composition may exhibit widely

different properties. This remarkable phenomenon h^ long

been known as ‘isomerism,’ from tcros, same, and fMspos, the part.

Isomeric bodies are those which contain the same constituents,

I'o-a aepn- We distinguish between ‘ metamerism ’ and ‘ poly-

merism’; metamerism embraces those cases in which the con-

stituents are present in exactly the same number and quantity,

but are differently arranged : the grouping of the constitimnts,

has been altered by a change of position, ‘ metastasis. loh-

raerism,’ or, better, ‘ pleomerism,’ applies to those compoun s in

which the relative proportion between the constituents is e

same, but the absolute number of atoms contained in the mole-

cular weight of one compound is double or treble the number

contained in the other.
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There are several methods of investigating atomic linking

mhich mutually support and supplement each other. In the first

iplace, in many simple cases the atomic linking can be deduced on

]pnrely theoretical grounds from the composition and molecular

iweight of the compound and the chemical valency of its con-

istituents. But this can be done only when a single form of

«jombination is possible, and the composition only permits of one

iinterpretation. When the conditions are not so simple we make

\nse of analysis and synthesis, assuming that those constituents

\which remain combined together when a compound is decom-

jposed were previously united, and inversely in building up a

(compound, the parts which were united before remain united

t-after the combination has taken place. Finally, we have a very

i important aid to such investigations, in the connection which

lhas been established by innumerable comparisons between the

(chemical and physical properties of a body and its atomic

1 linking.

§ 45. Theoretical Determination of the Possible Forms of

Blombination.—After the composition of the molecular weight of

?a compound has been empirically determined, the next question

iis to ascertain the manner in which the atoms are linked

1together. This is a purely mathematical problem and the answer

(can, when necessary, be calculated by permutations. It is ob-

’vious that any indefinite number of atoms cannot unite together

Ito form distinct compounds : for instance, the number of mono-
’ valent atoms is limited, as each monovalent atom can only

1 unite with one other atom, and cannot lengthen the chain

Ito any greater extent. Compounds composed entirely of

1 monovalent atoms can only exist in the form represented

by type I. (§ 40). Compounds composed of one polyvalent

iatom and several monovalent atoms exhibit forms exempli-
fied by types II. to VIII. The number of monovalent atoms
which can enter into combination corresponds to the valency

• of the polyvalent atom. If a second or third polyvalent
i atom is added, then two valencies are required for the linking
• of each additional polyvalent atom, and are, therefore, not
i available for union with monovalent atoms. The number of
monovalent atoms is increased by a number equal to two less

than the valency of the new polyvalent atom. If n^,
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represent the number of mono-, di-, tri- and tetra-valent atoms,

then the maximum number of monovalent atoms will be

7!,j
= 2n^ + Srig + 4?i., + Swj + + 7 + 87ig

— 2 (?l2 + + ».i + th + 'I^G + ^

)

= 2 -1- 17^3 + 2?l, + 3t15 + 47lg -1- 57lg + 6?lg

In organic compounds, which usually contain only mono-, di-,

tri-, and tetra-valent atoms,

Tij= 2 + 1W3 d" .

The number of divalent atoms has no influence on the number of

monovalent atoms. Each trivalent atom increases the number of

possible monovalent atoms by one, and each tetravalent atom by

two. As no compounds are known in which the number tIj of

monovalentatoms is greater than is here indicated, this is regarded

as a confinnation of the theories of valency and of atomic linking.

If there is only one polyvalent atom in the molecule then

only one constitution is possible, even when the monovalent

atoms differ in their nature, because the valencies of one and

the same atom must be held to be equivalent (§ 43), and it

is, consequently, immaterial which atom is united to a given

affinity. The following formulae admit of only one interpretation

:

CH CH
3
CI CH^Br^ CHBr3

CH.^ClBr

Methane Methylchloricle Methylenebromide Bromoform Chlorobromo-

It is an open question (§ 54) whether the formute only admit

of one signification when all four monovalent elements are

different. Wlien two polyvalent atoms combine, the formula

has only one meaning when all the affinities are satisfied by

monovalent atoms of the same element. For example

C,Hg= H,C— CH3
Ethane

CNH3 = H3C--NH2
Methylamine

Three similar polyvalent atoms can unite with one kind of

monovalent atom to form saturated compounds, which can only

exhibit one form of structure, e.g. propane .

CH3--CH2- - CH3.

Acain, one structure alone is possible in a compound containing
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two polyvalent atoms where one of the monovalent atoms differs

from the others, e.g.

:

H3C - - CH2CI H3O - - CH^I CI3C - - CHCI3
Ethyl Chloride Ethyl Iodide Pentachlorethane

But this is no longer the case when a second monovalent atom

of another element enters the compound. The entrance of the

first of these two atoms, puts an end to the equality between the

two polyvalent atoms, and consequently the particular poly-

valent atom with which the second monovalent atom unites is

now of material importance. Isomeric compounds are now
possible, and the number of such compounds theoretically

possible are actually known. When there are only two atoms

I of the new kind present, it does not matter whether they are

1 alike or dissimilar. Only two forms are possible for the com-

]
pounds

C^H.Cl^ and CaH^ClBr

H3C - - CHCI2 and H3CIO - - CH3CI
Ethylidene chloride Ethylene chloride

H3C - - CHClBr and H.3CIC - - CH^Br
Ethylidene chlorobromide Ethylene chlorobromide

But if the number of different monovalent elements increases

tthe number of isomerides will increase. If all sis monovalent

I atoms are difierent, then there will be 10 isomerides, as can be
(calculated by permutation. If the six monovalent atoms are

I numbered 1
,
2

,
3

,
4

,
5

, 6, then we have the following combina-

ttions

;

The first C atom The second C atom

1 2 3 4 5 6

1 2 4 3 5 6

1 2 5 3 4 6

1 2 6 3 4 5

1 3 4 2 5 6

1 3 5 2 4 G

1 3 6 2 4 5

1 4 5 2 3 6

1 4 6 2 3 5
1 5 6 2 3 4

uor (4 -1-3 q- 2 -f 1) = 10 combinations.



80 OUTLINES OF THEORETICAL CHEMISTRY

In the case of three similar or two dissimilar polyvalent

atoms, isomerism occurs as soon as a single atom of a second

monovalent element enters the compound :

—

CNH.Cl = CH^Cl - - NHj or CH3 - - NHCl
Chloromethylamino Methylchloramine

C3H,C1 = CH3 - - CH2 - - CHjCl or CH3 - - CHCl - - CH3
Propylchloride Isopropylchloride

The number of isomeric compounds increases rapidly as the

number of polyvalent atoms and the variety of monovalent

elements increase. Three carbon atoms and eight similar mono-

valent atoms can only be arranged in one manner, but if the

8 monovalent atoms are all different, then no less than 280

forms of combination are possible. It is clear that the atomic

linking in a given compound can only be determined by calcu-

lation in the very simplest cases.

§
46. Determination of the Linking by Synthesis and Analysis.

The decomposition and building up of compounds afford a

valuable means of determining the atomic linking. The con-

clusions based on these methods depend on the assumption that

those atoms which are united together before the union of two

compounds remain united together after the act of combination,

and that, on the other hand, those atoms which remain joined

together after the decomposition of a compound were pieviously

united in the said compound. This deduction was made use of

long before the doctrine of atomic linking was known
;
but,

strange to say, the conclusions arrived at in this way were proved

to be untenable by the knowledge of atomic linking and were

abandoned after a prolonged discussion.

The very ancient observation that a salt is formed from an

acid and a base, and can again be decomposed into these consti-

tuents led to the view that the acid and base are present as such

in the 'salt. Calcium carbonate decomposes into lime and carbon

dioxide, CaC03 = CaO-fCO^; from this it was inferred that

calcium' carbonate contained the proximate constituents CaO and

CO and that its formula was Ca0,C02.

^Analogous formulae were given to other salts, e.g .

—

Ca0,S03 K20,S03 3 Ca0,P203

Calcium Sulphate Potassium Sulphate Calcium Phosphate
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»

And similar formuloe were used for the acids :

—

H2O.SO3 3H20,P205

Sulphuric Acid Phosphoric Acid

and so on.

It is evident that formulae of this description are not per-

missible, for the compounds are represented as composed of

groups of atoms : these groups are already saturated and there-

fore have no free affinities available for mutual combination.

H— 0— H, Ca= = 0, K— 0— K, 0== 0 == 0

0==S—=0, 0==P= = 0=:P= 0
II II II

0 0 0

These formulae are called dualistic, on account of their separa-

tion into two parts. They have been replaced by others in

which the groups are united together by means of their oxygen

atoms :

—

0
.0. II

Ca- •C == 0 H— 0--S--0--H
‘-0-

. II

0

The principle underlying these old formulae, viz. the assump-

tion that those atoms which were united in a compound, must
be regarded as remaining combined, still remains in force, but

in its application due care is taken to comply with the law of

atomic linking.

For example, the action of hydrochloric acid on alcohol is

represented by the equation

—

C^O + HCl = C2H3CI -h HOH
Alcohol Hydrochloric Acid Ethyl Chloride Water

In this case two of the carbon atoms and at least four of the
hydrogen atoms remain together

;
we may assume, therefore, that

! these atoms are contained in alcohol and in ethyl chloride also

C,H„H,0 C^H^-HCl
Alcohol Ethyl Chloride

G
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The two groups HjO, water, and HCl, hydrochloric acid, are

closed groups, in which all the affinities are saturated. We must

therefore assume, that not more than one hydrogen atom in

alcohol is united to oxygen
;
that is to say, that alcohol contains

the monovalent ‘ hydroxyl ’ group, — 0 H, and that this

group and the five hydrogen atoms, must be directly attached

to the carbon thus ; O2H5 0 H.

By the action of hydrochloric acid, oxygen is split off
;
there

is no doubt about this taking place, as the oxygen ceases to be

united to carbon. The oxygen atom takes away with it the atom

of hydrogen to which it was previously united. Where does

the second atom of hydrogen come from ? Is it taken away

from the carbon or the chlorine ? Since the monovalent chlorine

must detach itself from the hydrogen, before it can unite with

the carbon, it is more than probable that the hydrogen atom

from the hydrochloric acid, combines with the hydroxyl. As

there is only one interpretation for a group containing two

carbon atoms, the formula must be

CH3—CH2—0—H +H—Cl=CH3—CH2CI +H—0—

H

Alcohol Ethyl Chloride

The groups of atoms which remain united together in these

reactions are termed ‘ radicals.’ as they were considered to be the

roots from which the peculiarities of the compounds arose : this

expression dates back to the time of Lavoisier. Alcohol and

ethyl chloride have the same root, the radical ethj^l, C2H3.

Further conclusions as to atomic linking may be deduced

from the decomposition and the mode of formation of substances.

If an atom or a radical replaces another in a compound, we

assume that it takes the place previously occupied by the latter.

The chlorine, from the hydrochloric acid, takes the place of the

hydroxyl and the hydroxyl takes the place of the chlorine and

unites with the hydrogen atom. This replacement of one atom

or radical by another is termed ‘ substitution,’ and is distin-

guished from ‘ addition,’ i.e. the simple union or combination

of two radicals or atoms
;

e.g.

C 2
H, + Br2 = C2H;Br2

Ethylene Bromine Ethylene Bromide
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Tlie formation of addition compounds is frequently used in

determining atomic linking, it being assumed that the addition

takes place at those points where the available affinities are

situated.

§ 47. Determination of Atomic Linking from Physical Pro-

perties.—Numerous observations show that the atomic linking

exercises a marked influence on the properties of substances,

and it often happens, that two isomeric compounds containing

exactly the same constituents, possess totally different properties,

solely in consequence of the different linking of their atoms
;

e.g.

ethyl acetate has a pleasant ethereal odour and butyric acid has

a rancid, ofiensive smell. When the constitution of a series of

substances has been investigated, the influence of the atomic

linking on their properties is soon apparent, and we are now
able to determine the atom linking by a study of the properties.

The following physical properties chiefly come into consideration ;

density, fusibility, volatility, colour, solubility, crystalline form,

smell, taste, physiological action, &c. The relation of all these

properties to atomic linking, has not yet been sufficiently investi-

gated. These relations grow clearer day by day, and by this

knowledge it is now possible to make new substances possessing

•certain desired properties. The recent syntheses of dyes and
colouring matters offer a brilliant example of our power to

accomplish this object.

The application of physical properties to the investigation of

atomic linking depends chiefly on the fact that the physical

properties change regularly, when a certain definite altera-

tion in the atomic linking is repeatedly made and the rest

•of the compound is left unchanged. If we examine a series
* of organic compounds, the members of which differ from each
other in their molecular weights by increments of 1C and 2H
it is often observed that the boiling points of these bodies

exhibit a certain fixed difference Tor each CH
2 group. This

is not always the case, but only when the constitution and
linking remain the same, with the exception of the slight

difference in composition due to the introduction of the group
CHj. When we find that there is a regular increase in the boiling
point with the molecular weight, we conclude that the bodies
have the same or similar atomic linking. Numerous examples
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of these relations are found in the text-books on organic

chemistry.

§ 48. Determination of Atomic Linking from the Chemical

Behaviour.—The chemical properties are even more dependent,

on the atomic linking than the physical properties. The in-

fluence which certain groups ofatoms exert on chemical behaviour,

is first determined in compounds of comparatively simple struc-

ture, such as those, for instance, in which only one arrangement

of the atoms is possible or such as permit their atomic linking

to be easily ascertained. More complicated compounds exhibiting

similar properties are assumed to contain the same groups of

atoms. If large or small deviations occur, the origin of these is

investigated by increasing the number of observations and com-

paring them with one another. In this way a rich collection of

rules has been obtained, which enable us to deduce the structure

of compounds from their chemical properties.

In the case of each ofthe frequently occurring combinations of

atoms, such as hydroxyl, OH, amide, NH 2 ,
imide, NH, &c., we

have not only determined which properties of the compounds

indicate their presence, but we have also ascertained the dif-

ferences in their behaviour caused by the nature of the atoms or

radicals with which they are combined. For example, we are

not only acquainted with a whole series of tests for identifying

the presence of hydroxyl, but we can also ascertain, from the

peculiarities in the behaviour of the substance, whether this

hydroxyl is attached to carbon or nitrogen or whether the

carbon atom united to the hydroxyl is combined with hydrogen,

or oxygen, or only another carbon atom. In other words, we

have the means of discriminating between the following formul® :

CH
2
—OH, =CH—OH, =C—OH, —CO—OH,

and many others.

If a compound contains nitrogen we can ascertain from its

chemical character whether the nitrogen is directly combined

with oxygen, oxj^gen and carbon, hydrogen and carbon, or with

carbon only.

The relations between atomic linking and chemical properties

are, at the present time, amongst the chief objects of investiga-

tion in the field of organic chemistry, and are generally discussed
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in connection with this branch of the science. Unfortunately this

subject seldom meets with systematic and comprehensive treat-

ment. ^

§ 49. History of the Development of the Theory of Atomic

Linking.—Our present knowledge of atomic linking has not been

gained by a peaceful, gradual development. On the contrary,

in proportion as the number of organic compounds which had

been investigated and analysed increased, the number of new

formulm in use increased, and these formula3 were changed when

they apparently ceased to answer their purpose. Much was

left to individual caprice, and formulae were used of which it

is scarcely possible at the present day to discover the meaning.

It is only natural that under these conditions differences of

opinion were frequent, and disputes arose, which were carried

on with increasing bitterness, as the difficulty of proving the

•correctness of one view or the other increased. Gradually these

points of diffe}’ence were smoothed away, and widely divergent

views were brought into concord. At the present time all

chemists, with very few exceptions, agree in recognising as

•con’ect those formulas which have been established in accordance

with the laws of the theory of atomic linking.

As a result of this gradual development, the correct expres-

sion of the composition of most substances was discovered, before

the theory, on. which the formulm are based, was known. The
theory is still of great value, and is used in determining the

formula of every newly discovered substance
;

it is also useful

in testing and correcting those constitutional formulaa already in

use
;
and, finally, it forms the philosophical basis for the theories

with which the experienced chemist is so familiar that he
scarcely notes the foundations on which they rest, but which
prove dijficult for the beginner to understand if he has not

received systematic instruction in these matters.

W e will now take a few examples of the method pursued in

•determining the constitution of an organic compound.

§ 50. Examples of the Determination of the Atomic Linking.

We will assume that the constitution of that class of organic
bodies termed ‘alcohols ’ (from the Arabic name for spirits of wine)

TLe r6la.tioDship is systGiuatically treated in E. Lellman’s cijHcii dcT
organisahen Syntliese, Berlin, 1887.



86 OUTLINES OF THEORETICAL CHEMISTRY

is unknown and has to be determined. These bodies are com-

posed of carbon, hydrogen, and oxygen, and are characterised

by certain properties common to all members of the class, more

particularly by their power of reacting with acids, with elimina-

tion of water, to form ethereal salts. On hydrolysis the ethereal

salts yield the original acid and alcohol. The alcohols are

mono-, di-, or poly-acid, that is, they can combine with one,,

two, or more equivalents of an acid. The mono-acid contain at

least one, the di-acid two, the tri-acid three oxygen atoms,

from which we may conclude that there is a close connection

between the equivalence of the alcohol and the quantity of

oxygen it contains. We will confine our attention to the

mono-acid alcohols, and only consider those mono-acid alcohols

containing the maximum number of hydrogen atoms, which

have the general formula C„H2,i+ 2^: which n may represent

any whole number
;

its value generally lies between 1 and 30.

Some of these alcohols are liquid at the ordinary temperature,

others are solid but easily fusible. They are all volatile, and

can be distilled
;

in the case of the higher members of the

series the distillation must be carried on under reduced pres-

sure. The volatility generally diminishes as tlie molecular

weight increases, but a larger molecular weight is nor always

accompanied by a higher boiling point. Isomeric alcohols

have, without exception, different boiling points.

In order to determine the atomic linking it is best to begin

with the lowest member of the series—that is, with the member

having the lowest molecular weight. This is wood spirit, GH^O,

in the formula for which n=l. It is obvious that only one

arrangement of the atoms is possible in this case .

H
I

H—C—0—

H

I

H

As no other mode of combination is possible, the alcohol must

be a compound of methyl (CHj) and hydroxjl (HO). This

view is confirmed by the behaviour of the compound, e.g.

CH
3
-OH -h H-I=CH3

-I + HOH
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As this and analogous reactions are common to all alcohols, it is

probable that they all contain hydroxyl. If n= % the formula

is that of spirits of wine, C.^HgO. In this case two difterent

modes of arranging the atoms are possible ;

CH3—CHj—OH and CH3—0—CH3
Ethyl hydroxide Methyl oxide

But the alcohol must have the first formula, because the radical

ethyl, C2H5, can be expelled unchanged from this compound by

the action of acids and other substances, and this shows that

the two carbon atoms are united together. The second com-

bination represents the formula of a well-known compound

(methyl oxide) which may be prepared by the following re-

action :

—

CH3—0—Na + CH3—I = CH3—0—CH3 + Nal

Methyl Alcoholate Methyl Iodide

There is not a second alcohol isomeric with ethyl alcohol

;

but when 7t=3, two isomeric alcohols are possible. Both con-

tain the group of atoms CgH^, propyl
;
but the compounds

which these two radicals form are only isomeric, and not

identical. It is evident, then, that the radicals are not identical,

but merely isomeric. Now, three carbon atoms can only be

linked together in one way
;
the difference must therefore be

due to the different manner in which the hydrogen atoms are

distributed. Taking this into account, we can only have two

formulas for the alcohols :

—

CH3—CH2—CH2—OH and CH3—CH—CH3

OH

The hydroxyl is either united to one of the end carbon atoms,

which is also combined with two hydrogen atoms, or it is

attached to the middle carbon atom, which is united to one

hydrogen atom. Now the question arises, which formula is to

be ascribed to each of the two known alcohols, C3HJ.OH. One

is formed together with ethyl alcohol in the process of fermen-

tation, and occurs in fusel oil, and boils at 97°C. ;
the other

boils at 83°, and was first prepared by Friedel by the action of

nascent hydrogen on acetone, CgHgO.



88 OUTLINES OF THEOEETICAL CHEMISTRY

If we compare tliese formula with that of ethyl alcohol we
find that the formula of ethyl alcohol bears a closer resemblance to

the first than it does to the second formula, for the hydroxyl is

attached to a carbon atom which is united to two hydrogen

atoms, and only one other carbon atom. It is therefore probable

that the first formula belongs to that alcohol which bears the

closest resemblance to ethyl alcohol.

This is without doubt the fermentation propyl alcohol boiling

at 97°. Without going into detail, we may point out that, like

ethyl alcohol, this alcohol on oxidation loses two atoms of hydro-

gen, forming an aldehyde (alcohol dehydrogenatus), and this by

taking up oxygen is converted into an acid. On oxidation

isopropyl alcohol, boiling at 83°, yields the acetone O3II5O, from

which it was obtained by reduction, but it does not yield any

acid. Other isomeric alcohols exhibit a similar difference of

behaviour on oxidation. It is consequently important to ascer-

tain the atomic linking ofthe aldehydes, acids, and acetone. The

aldehydes and acids have the molecular weights represented by

the following formulm :

—

CHjO CjH.O CgH.O
Formaldehyde Acetaldehyde Propionaldehyde

CH,0,
Formic Acid

C,H,0, C,H,0,
Acetic Acid Propionic Acid

As these bodies are derived from alcohols, all their carbon

atoms must be united together. But as the number of hydrogen

atoms does not attain the maximum value for n, given in § 45, the

question arises : Are we to assume the existence of unsaturated

affinities or of double linking ? This question is difficult to

decide experimentally in the case of the aldehydes. With regard

to the acids, the answer is decidedly in the negative. We con-

sider that the hydroxyl of the alcohol remains in the acid, as it

is easy to simultaneously expel from an acid one atom of oxygen

and one of hydrogen. If we make use of this supposition, only

one of the theoretically possible formula for formic acid derived

from methyl alcohol is available, viz. H—CO—OH.

The radical HCO, which is combined with the hydroxyl, is

called ‘ formyl’
;

it is composed of carbonyl, CO, and hydrogenj H.

On comparing this formula with that of methyl alcohol, it is



ISOMERIC ALCOHOLS 89

seen that in addition to the hydroxyl, the acid contains an atom

of oxygen attached to the carbon atom instead of two atoms of

hydrogen in the alcohol. The close resemblance which exists

betw'een acetic and propionic acids and formic acid makes it

highly probable that these acids are formed from the alcohols in

a similar way, and contain instead of two atoms of hydrogen, one

atom of oxygen, united to the carbon atom to which the hydroxyl

is attached. According to this hypothesis the formulae for the

acids would probably be

Formic acid, H—CO—OH
Acetic acid, CHg—CO—OH
Propionic acid, CHg—CHj—CO—OH

If these formulae are correct the group of atoms termed

* carboxyl,’ CO—OH, is characteristic of these acids and deter-

mines their properties. Formic acid is therefore hydrogen

carboxyl
;
acetic acid, methyl carboxyl

;
and propionic acid, ethyl

carboxyl. This supposition is confirmed by the behaviour of

the acids
;

for in reactions in which formic acid and its salts

give off hydrogen, acetic acid yields methyl and propionic acid

yields ethyl.

H—CO—ONa+ HON^= H—H +NaO—CO—ONa
CHg-CO—ONa + HONa = CHg—H +NaO—CO—ONa
C^Hg—CO—ONa + HONa = CgHg—H + NaO—CO—ONa

All three acids are decomposed by heating with an excess of

caustic soda, yielding sodium carbonate and hydi’ogen, methyl

hydride or methane, ethyl hydride or ethane respectively.

These views are confirmed by many reactions of these acids,

and the investigation of many other acids proves that wherever

the carboxyl group of atoms occurs the compound has the

properties characteristic of an acid.

When this was once recognised it became evident why some

alcohols do not yield acids. Only those alcohols can yield acids

which contain a carbon atom, which is united to two hydrogen

atoms and the hydroxyl group.

The group—CH.^—OH is as characteristic ofthese ‘ primary
’

alcohols (as they are called) as the carboxyl group is of the acids.

In the same way it can be shown that the group =CH—OH
is characteristic of the second class, the ‘ secondary ’ alcohols,
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which yield acetone or kindred bodies on oxidation. The
‘ tertiary ’ alcohols which yield neither acids nor ketones, but

lose carbon on oxidation, contain the group^ C—OH.

After ascertaining these characteristic points of difference for

a large number of alcohols', the other chemical and physical

properties of the alcohols were investigated. The result showed

that, in a group of isomeric alcohols, the primary boil higher

than the secondary, and these again higher than the tertiary, but

the latter have, on the other hand, a higher melting point. The

three classes of alcohols can l^e distinguished by means of their

boiling points. Although it is unnecessary to use this method

for this particular purpose, it proves of great value in discrimi-

nating between isomeric alcohols of the same class. For ex-

ample, four isomeric butyl alcohols (0,,H,qO) are known; twa

of these are primary, and consequently contain the group

HO—CH
2
— . The difference between them must consist in a

difference in the arrangement of their other carbon atoms.

According to theory, two modes of linking are possible ;

—

HO—CH
2
—CH 2

—CH^—CH 3
and HO—CH^—CH—CH3

CH3

Which of these formulae belongs to the alcohol boiling at 116 ,

which is obtained by the reduction of butju’ic acid, and which

formula must be ascribed to the alcohol boiling at 109° and con-

tained in fusel oil ? This problem may be solved in different

wavs. Bv depriving each alcohol of the elements of water a

hydrocarbon, butylene (C^Hg), is obtained. Each butylene unites

with hydriodic acid, forming a butyl iodide (C^Hgl), in which the

iodine can be replaced by hydroxyl. The original alcohols are

not reproduced by this process. The alcohol boiling at 116

yields a secondary alcohol (boiling point 99°), and the alcohol

boiling at 109° yields a tertiary alcohol boiling at 83°. Only

one formula is possible for each of these alcohols

:

CH3

I

CH3 CH CH2 CH3 CH3 C CHg

I
I

OH
Secondary

OH
Tertiary
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The difference from the original alcohols, can only be due to t le

fact, that the new hydroxyl does not tfike up the position pre-

viously occupied by the old hydroxyl. Imagine that they are

reconverted into primary alcohols, then we get the preceding^

formula again, and we see that the first formula in which na

carbon atom is directly united to more than two others, be ongs

to the alcohol boiling at 116°; the other, in which one carbon

atom is united to tliree others and one hydrogen atom is con-

sequently in a ‘ tertiary ’ position— belongs to the fusel oil alcoho

boiling at 109°. The first kind of linking is termed ‘ normal
^

to

distinguish it from the abnormal ‘ branched ’ or ‘ side-chain

linking

Experience has shown that the normal compounds always

have a higher boiling point than those with side chains and

that the boiling point of the latter falls as the number of side

chains increases. In the case of bodies having a similar con-

stitution, the addition of CH^ raises the boiling
_

point from

18° to 22°. This fact may be used for determining the con-

stitution or for testing and confirming the accuracy of a con-

stitution determined by other methods.

§ 51. Aromatic Compounds.—Benzene and the so-called

aromatic compounds' derived from it offer a remarkable example

of the manner in which the atomic linking has been investigated.

Benzene is a hydrocarbon which contains the same number of

carbon and hydrogen atoms. Its composition is represented by

the formula C,.H
3„,

where n stands for a whole number. Its

molecular weight is therefore

m = w(C + H) = 71 (11*97 -hi) = «x 12-97.

Faraday found that the density of its vapour is 2-752 times that

of air
;
m will therefore be approximately 79-43.

771 = 28-87 x 2-752 = 79-43,

or, for the corrected value,

m = 6 X 12-97 = 77-82 = CeHe.

' The name ‘ aromatic compounds ’ has its origin in the fact that the mem-

bers of this group which were first investigated possess an aromatic odour, a

property not shared by all the members.
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A very large number of combinations is possible for the twelve

atoms contained in this molecular weight, and, at first sight, it

appears perfectly hopeless to 'attempt to investigate the con-

stitution of benzene.

An ingenious interpretation of the behaviour of this sub-

stance led Kekule to propose an hypothesis which explains all

its peculiarities in the simplest way. This hypothesis has

maintained itself to the present day, in spite of all the criticism

to which it has been exposed for a quarter of a century. The

hypothesis is based on the observation that, when an atom of

hydrogen in benzene is replaced by another atom or radical,

only one single derivative is produced. It does not matter which

of the hydrogen atoms is replaced; isomeric compounds are never

formed. That it is not always one and the same hydrogen atom

that is replaced, but that in reality dift'erent hydrogen atoms

are displaced, can be shown in the following way. Nitro-benzene

is formed by the action of nitric acid on benzene :

—

CgHg + HO—NO2 = CgHj—NO2 + H^O
Benzene Nitric acid Nitro-benzene Water

Chloro-benzene (CgHjCl) can be prepared in several ways

from this nitro-benzene, in which the nitro-group (NOj) has

replaced an atom of hydrogen. We may either reduce the

nitro-group to NH
2
and replace the latter by chlorine, or we

may replace a hydrogen atom in nitro-benzene by chlorine (in

this case it is evident a different hydrogen must be displaced).

TTie nitro-group is eliminated from the chloro-nitro-benzene

(CgH4N02Cl) and replaced by hydrogen. Experiments of this

hand have been conducted in widely different forms, but they

all yield one and the same chloro-benzene. From this behaviour

of benzene we conclude that all the hydrogen atoms in benzene

are equivalent to each other in every respect, and that each

hydrogen atom is combined in exactly the same way as each of

the others. These conditions are satisfied by Kekul6’s hypothesis

that all six carbon atoms are united together forming a closed

ring,* and the hydrogen atoms are uniformly distributed amongst

the carbon atoms as is shown by the following formula ;

* The ring formula does not indicate that the atoms are arranged in a

plane circle, but only that they form a closed chain.
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H
I

H C H
\/\/
c c

c c

H 0 H
I

H

In order that all four affinities of each carbon atom may

come into play, it is assumed that the linking in the ring is'

alternately by one and by two affinities. In recent times this,

comparatively minor detail of the hypothesis has given rise tO’

much discussion.

Kekuffi’s formula explains the whole behaviour of benzene

and its derivatives in a remarkably satisfactory manner. In

the first place it indicates that each ‘ mono-substitution product

obtained by the replacement of one of the hydrogen atoms can

exist in one form only, and that isomerides cannot exist. But if

a second atom or radical is substituted for a hydrogen atom, the

perfect symmetiy of the molecule is changed, and the second

atom may take one of three positions, namely, next to the first

or separated from it by one or by two carbon atoms. If the first

atom takes the position at 1 ,
the second may occupy the position

at 2 and 6 (which are identical), or at 3 and 5, or finally at 4.

1

- C

/\
60 02

oO 03
S/"
0
4

Strictly speaking, the positions 2 and 6 are not absolutely

identical on account of the double linking
;

this has led some

authors to assume that the fourth affinities are free or else united
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to the opposite carbon atoms. These modifications of the hypo-

thesis have not up to tlie present acquired any particular practical

signification.

In spite of the repeated endeavours of many chemists to

discover four isomeric di-substitution products of benzene, 6.y.

dichloro-benzenes, not more than three have ever been discovered.

It is this circumstance which has gained for Kekul6 s hypothesis

a general recognition of its value. The three isomeric di-

substitution products are distinguished by the prefixes ‘ ortho,

‘ meta,’ and ‘ para.’

The problem now arises. Which of the three positions 1.2,

1 . 3, and 1 . 4, or which of the three formulae

Cl

1

H 0 Cl

C 6 2 C

I I

Co 3C

H C H
1

H
1 . 2 or 1 . 6

Cl

1

H C H

Ce 2C
1 I

C 5 3 C

H C Cl

H
1 . 3 or 1 . 5

Cl

1

H C H

Ce 2 C

1 I

Co 3C

H C H

Cl

1 . 4

is to be assigned to each of these compounds ?

Owing to the inherent difficulties of the problem, this question

was debated for years, and our views on the subject have fre-

quently been altered. One remarkable fact is, that on further

substitution the para-derivative only yields one tri-substitution

product but both of the other derivatives yield more than one tri-

substitution product. As it is only in the third formula that the

four remaining hydrogen atoms occupy similar positions this

formula has been assigned to the para-compounds 1.4. In the

first formula, 1 . 2, the four remaining hydrogen atoms are mtwo

different relations to the chlorine atoms, 3 and 6 are adjacent

to the chlorine atoms, 4 and 5 are separated froin them by a

carbon atom. In the second formula, 1 . 3, the third chlorine

atom may occupy three different positions-e.p. 2, betweeai the

two chlorine atoms ;
4 and 6, adjacent to the chlorine atoms

,
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and 5, separated by a carbon atom. As it has been proved by

experiment that an ortho-di-substitution product can only yield

two tri-substitution products, and the meta-compound yields

three tri-substitution products, the formula 1 . 2 is assigned

to the ortho- and 1 . 3 to the meta-derivatives.

Numerous comparisons have fully confirmed these hypotheses,

and it is now seventeen years since the accuracy of these views

was disputed.

These examples suffice to give an idea of the methods by

which our intimate knowledge of the constitution of organic

compounds has been acquired.

We may in this see a confirmation of the saying of Bacon :

Nec manus nuda, nec intellectus sibi permissus ad inveniendam veritatem

multum valet. Instrumentis et auxiliis res perficitur, quibus opus est non

minus ad intellectum quam ad manum.

§52. Physical Isomerism. Allotropy.—As the investigation of

the constitution of organic compounds was extended, many in-

stances were observed in which a larger number of isomeric bodies

were discovered than could be accounted for by means of the

formulae derived according to the laws of atomic linking. In

most of these cases the isomeric substances differed less in their

chemical than in their physical properties, such as density, melt-

ing point, crystalline form, &c.

Such cases of isomerism which cannot be explained by

chemical formulae are termed ‘ physical isomerides ’ to distinguish

them from the ‘ chemical isomerides,’ which are caused by a

difference in the mode of linking. This physical isomerism is

very closely related to and is almost identical with ‘ allotropism,’

The latter expression was introduced by Berzelius, and applied

by him to describe the occurrence of elements in different

forms or conditions, or ‘ allotropic modifications.’ Before the

molecules of elementary bodies were regarded as compounds of

.similar atoms, the existence of one and the same element in

different modifications could not be explained in the same way
as the isomerism of compounds. Hence the necessity of a

special term to be applied to this class of phenomena. At the

present time the expression ‘ allotropism ’ is also applied to

compounds, and is synonymous with physical isomerism. There
are several kinds of physical isomerism.
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§ 53. Polymorphism.—Dimorphism and polymorphism are

common forms of physical isomerism. When one and the same

substance crystallises in two or more distinct forms, it is said to

be dimorphous or polymorphous. Both elements and compounds

exhibit this peculiar phenomenon. Well-known examples of

polymorphism are exhibited by carbon, which crystallises in the

regular system as the diamond, and in the hexagonal system as

graphite. Sulphur is deposited from fusion in monoclinic

crystals and from solution in carbon bi-sulphide in rhombic

crystals. Calcium carbonate (CaCOj) occurs in rhombohedral

crystals as calcite and in rhombic crystals as arragonite. Silica

is met with in two distinct hexagonal forms as quartz and tri-

dymite. Titanium dioxide (TiOg) exists in three distinct forms

as rutile, brookite, and anatase. Stannic oxide (Sn02), which is

isomorphous with titanium dioxide, assumes the same forms as

rutile and brookite, and perhaps anatase. These bodies are

consequently ‘ isodimoi-phous ’ or ‘ isotrimorphous.

There are many other examples of isodimorphism, such as

that of the oxides of arsenic and antimony, As,Og and Sb.Og, the

sulphides of copper and silver, Cu^S and Ag^S. Many organic

compounds are also dimorphous.

The form that a di- or poly-morphous body assumes on

crystallisation depends chiefly on the temperature, and also on

certain other external conditions. Tf the crystallisation takes

place from a solution, the nature of the solvent, the presence of

other substances, especially of such as are isomoriDhous with one

of the forms of the body in question, influence the form that

bodv assumes.

The conditions under which many forms are produced are

entirely unknown. We do not know under what conditions

carbon crystallises as diamond, in spite of the numerous attempts

which have been made to produce this valuable gem. In the

case of many organic compounds one modification has been

accidentally obtained, but the conditions under which it is formed

still remain unknown.

The allotropic modifications of a substance differ consider-

ably in their stability. Some modifications when once formed

are verv stable, but others can only exist within narrow limits

of the conditions under which they are produced. As examples
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of the first class we have carbon as diamond or graphite
;

sulphur is an example of the second class.

The diamond and graphite can exist unaltered side by side,

and it is only at a very high temperature that the diamond is

converted into graphite. On the other hand the rhombic form

of sulphur is only stable below, and the monoclinic form above,

a temperature of 95°-6 C.
;
both modifications can exist un-

changed for some time outside these limits But they are in a state

of unstable equilibrium, which is easily upset by heating, or

shaking, or more particularly by contact with a crystal of that

modific"ation which is stable at the prevailing temperature, and

the whole mass is converted into this form.

Many dimorphous organic compounds behave like sulphur

in this respect, and as a rule only one modification is stable,

and the other unstable above and below a certain definite

temperature.

This kind of physical isomerism is supposed to be due to a

difference in the arrangement of the particles or molecules, which

are in themselves identical. The accuracy of this hypothesis

cannot be proved, as we do not possess any method by which

the nature, or even the size, of the molecules of solid bodies can

be ascertained. But when we see that under suitable condi-

tions crystals of both modifications can be obtained from one

and the same liquid, it seems probable that these modifications

are composed of similar molecules, just as different kinds of build-

ings can be constructed from the same kinds of bricks. This

class of isomerism may be termed ‘ isomerism of aggregation.

§ 54. Physical Isomerism of the Molecules.—There are also

cases of physical isomerism caused by a difference in the mole-

cules. The examples of real polymerism belong to this class,

e.g. when a body has different molecular weights in the gaseous

and liquid states. In the case of sulphur the molecules at

temperature^ near the boiling point consist of six atoms, Sg,

which are split up at higher temperatures into molecules con-

sisting of two atoms, S.^. Many organic and inorganic com-

pounds, such as certain aldehydes, acetic acid, nitrogen peroxide,

&c., exhibit analogous behaviour.

The allotropic modifications of phosphorus are probably due

to differences in the number of atoms composing the molecules.

H
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If phosphorus be heated above 210° in a closed vessel too small

to permit the element being completely converted into vapour,

it passes from the gaseous state into a red solid modification,

from which the colourless variety is regenerated, if sufficient

space be offered for complete volatilisation. The red modifica-

tion is produced from the compressed and the colourless from

the expanded vapour at the same temperature (210-300°). It

is therefore probable that both modifications already existed in

the state of vapour as isolated molecules. A difference in the

vapour can only be due to a difference in the molecules. It

is not yet known whether this difference is to be ascribed to

polymerism.

§ 55. Optical Isomerism.—The most remarkable form of

isomerism, is that in which the isomeric bodies crystallise in forms

which are identical in all their individual parts, such as angles

and faces, and are symmetrical but not superposable, and bear

the same relation to each other that an object bears to its

reflected image in a mirror, or that a right-hand glove bears to

a glove for the left hand. This peculiar behaviour is generally

associated with another remarkable property, viz. the bodies

are optically active. One turns the plane of polarised light to

the right, to the same extent that the other does to^ the left.

The bodies thus acting on polarised light are divided into

two classes. Some substances are optically active only when

they are in a solid and crystalline state
;
others are optically

active as liquids, either in solution or in a molten state
;
and a

few gases or vapours are optically active. The members of the

first class either crystallise in the regular form or are uniaxial

and crystallise in the quadratic or hexagonal systems. If the two

kinds of crj^stals are placed in parallel lines it is noticed that

certain hemffiedral faces which occur on the right side of the one

set of crystals are found on the left side of the other crystal^

Cinnabar, quartz in the form of rock crystal, chlorates, bro-

mates, periodates, thiosulphates, sodium sulphantimoniate, and

some organic bodies belong to this class.

As the rotation of light by these substances depends on their

crystalline form and ceases when the substances are brought into

the liquid state by fusion or by solution, it is evident that the

rotation is not due to the nature of the molecules, but is caused
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by a peculiarity in their arrangement. It is assumed that the

molecules are arranged in a spiral form, and that in one form of

crystal the spiral turns to the right and in the other to the left.

The second class of optically active compounds exhibits this

property in the liquid state. In these cases the molecules are

free to move about and do not take up fixed positions. Hence

it appears that the rotation of light is not due to the relative

position of the molecules, but to their peculiar nature.

Of course this does not exclude the possibility of these sub-

stances (if they are capable of crystallising) exhibiting a peculiar

arrangement of the molecules. This is indeed the case with many

compounds; e.y. tartaric acid (C^HgOg) crystallises in two different

forms, which are non-superposable and bear the same relation

to each other that an object does to its reflected image. Only a

few of these compounds crystallise in the regular system (amyl-

amine alum) or are optically uniaxial (strychnine sulphate) ; these

bodies rotate the plane of polarised light in the crystalline state.

Most of these substances belong to the rhombic, monoclinic,

or triclinic systems, and form optically biaxial crystals, which do

not exhibit the phenomenon of rotation.

§ 56. Asymmetrically linked Carbon Atoms.—In investi-

gating the cause of the rotation of light due to the nature of

the molecules, it is important to notice that this peculiar pheno-

menon is only observed in organic compounds, and only a

comparatively small number of carbon compounds exhibit this

property. This observation led to the hypothesis that the

phenomenon is due to a peculiarity in the linking of the atoms.

In fact, in 1874 two different investigators. Van t’ Hoff and Le

Bel, independently discovered the connection existing between

the rotation of light and atomic linking and offered a perfectly

satisfactory explanation of this optical isomerism.

As stated in § 43, the four affinities of a carbon atom are

uniformly arranged in space, and consequently the four atoms

united to the carbon atom are arranged round it like the four

corners of a tetrahedron round its centre. If these four atoms all

differ from each other either in their nature or in being combined

with different atoms, then two forms of combination are possible.

These are sketched in perspective and numbered I. and II.

The four atoms or radicals, a, h, c, d, are attached to the carbon
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atom iu such a way that the two figui’es are non-superposable,

and one is the reflected image of the other. Imagine your eye

is placed in the position of one of the atoms, say a, and directed

towards the other three atoms
;
then it sees h c cl in I. in the

direction in which the hand of a clock moves, but in II. in the

reverse direction.

I. n.

A carbon atom in this condition is said to be an unsym-

metrically linked carbon atom, or briefly an asymmetrical carbon

atom. A careful examination of all those compounds which can

in the liquid state rotate light shows that each of these bodies

contains at least one asymmetrical carbon atom
;
several contain

more than one. The property of rotation depends on the pre-

sence of an asymmetric carbon atom.

I^t a=H, &= HO, c=COOH, d=GB.^; these groups are

contained in malic and tartaric acids ; both of these acids exist

in two symmetrical forms.

H
I

HO—CO—C—CII2-

I

OH

H

-CII2—C—CO—OH

OH

According to the formulae generally in use, only one form of

malic acid is possible, viz.

—

HO—CO—CH—CH,—CO—OH

OH
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But if we take into consideration the fact that the carbon atom

attached to the HO group is asymmetrical, then two foimulas

are possible. Starting from the hydroxyl, the sequence of the

other atoms or radicals is in the direction of the hands of a clock

in one formula

—

H,CO—OH,CH—CO—OH

and in the reverse direction in the other

—

H,CH2—CO—OH,CO—OH.

The two formulte are non-superposable.i

§ 57. Active and Inactive Forms.—The rotatory power of a

compound ceases when the asymmeti’ical carbon atom disappears

;

for example, malic acid is converted by reduction into succinic

acid

—

HO—CO—CH^—CH2
—CO—OH

which is inactive.

The rotatory power also ceases when equivalent quantities

cf both modifications unite and crystallise together. For

example, the two optically active malic acids unite and form an

inactive acid because the rotatory power of the one neutralises

that of the other. In such cases the components may be separated

by means of suitable agents
;

for example, one constituent may

combine more readily with other dextrogyrate bodies
;
the other

may unite more easily with other Isevogyrate compounds. We
are acquainted with two optically active malic acids which unite

together, forming an inactive modification.

If a compound contains two asymmetrical carbon atoms

which are united to similar atoms or radicals, then there can

exist two optically active and two inactive forms. This is the

case with regard to tartaric acid
;
we have dextro- and laevo-tar-

taric acid. One inactive acid (racemic) is a compound of the

two active forms, but the second acid owes its inactivity to the

> To Tna>f» this point perfectly clear, divide the surface of two wooden

halls of the same size into eight equal spherical triangles or quadrants by

means of three circles cutting each other at right angles. Bore a hole down
to the centre of the globe in the middle of each alternate quadrant. Insert

four rods of equal length, one in each hole : these indicate the direction of the

forces of affinity. Fix four balls of different colours to the free ends of the

rods, and you have a representation of an asymmetrical carbon atom. Ac-

cording to the sequence of the coloured balls, the groups will be either identical

or symmetrical, i.e. the reflected image of each other.
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fact that the position of the other atoms at one carbon atom is

unsj^mmetrical with the dextrogyrate and at the other carbon

atom unsyrametrical with the la3vogyrate modification.

This second form cannot be split up into two active modifi-

cations. If the two asymmetric carbon atoms are united to

different atoms and radicals, the effect of one is not, as a rule,

counterbalanced by that of the other, and consequently all four

modifications may be optically active, but in different degrees.

The number of possible isomerides increases with the

number of asymmetrical atoms. A large number of isomerides

can exist in the series of sugars, and the terpene derivatives.

§ 58. Physical Isomerism, with Double Linking.—When an

asymmetric carbon atom loses one of the four atoms or radicals

with which it is combined, and attaches itself to a neighbouring

atom by a double linking, the optical activity of the compound

is lost, but the possibility of physical isomerism still continues.

Malic acid (C^HgOg) affords one of the best known examples of

this class. It loses water (HO + H= HjO), forming the isomeric,

fumaric, and maleic acids (C^H^O^). The latter again loses water,

yielding the anhydride C^H203 ,
but fumaric acid does not form

an anhydride. Tliere is only one formula ' for the two acids in

the system in general use, viz.

HO—CO—CH—CHj—CO—OH
I

OH M.alic Acid

HO—CO—CH=CH—CO—OH
Fumaric and Maleic Acids

But if we take into consideration the arrangement of atoms

in space, then we can have two different formulae,

H H H CO—OH
\ \ /
cco

/ \
HO—CO CO-

Maleic Acid

-OH

ccc
/ \

HO—CO H
Fumaric Acid

' The only other formula, HO—CO—C—CHj—00— OH, cannot be correct,

II

as fumaric and maleic acid unite with Brj, forming one and the same dibromo-

succinic acid, HO—CO—CHBr—CHBr—CO—OH.
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which Van t’ Hoff and Wislicenus have shown are perfectly

capable of explaining the difference in the behaviour of the two

fields

It is obvious that the first formula represents maleic acid, as

the proximity of the carboxyl groups —CO—OH facilitates the

formation of an anhydride.

H H
\
CO \

\
CO—

0

|H HO[—CO

H H

CO^ 0 — CO

+ H.0

In fumaric acid the carboxyl groups are diametrically oppo-

site each other.

Both acids combine with the elements of water, forming in-

active malic acid, which can be split up into two optically active

isomerides. The addition of the elements of water takes place

in each of the two possible ways.

The introduction ofthe idea of a difference in the arrangement

of the atoms in space into the constitutional formulae of organic

compounds has provided a satisfactory explanation for numerous

cases of isomerism which could not be formerly accounted for. It

has also led to the discovery of numerous relations between the

arrangement of the atoms and the properties of compounds. The

hypothesis of asymmetrically linked carbon atoms was first pro-

pounded in 1874, and it now ranks as one of the most firmly

established of the doctrines of chemistry.

§ 59. The Absolute Dimensions of Molecules and Atoms.—The

molecules, the constitution of which has been discussed in the

preceding paragraphs, are not indefinitely small, although much

smaller than any magnitude perceptible to our unaided or even

to the aided senses. As to the magnitude of the molecules

themselves, it is at present impossible to give any exact determi-

nations ;
still the limits within which the dimensions must lie

can be approximately determined. Such approximations may,

as was shown by Sir AVilliam Thomson in 1871, be arrived

at by the aid of various physical phenomena; his conclusions

have been confirmed and extended by other investigators.

From certain optical phenomena, for instance, from the disper-
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sion accompanying the refraction of light, it may be concluded,

with some degree of probability, that the molecules of trans-

parent materials, such as glass, water, and the like, are greater

than the ten-thousandth part of a wave-length of light, which

latter amounts again to only a few ten-thousandth parts of a

millimetre. Similar conclusions may be drawn also from the

destruction of colouring matters on solution, and again from the

contact electricity of metals, and the heat produced by the

attraction of metallic plates oppositely electrified, from the mini-

mum thickness which soap bubbles can attain without bursting,

and especially from the properties of gases and the liquids pro-

duced by their condensation.

The highly developed kinetic theory of gases shows, for

instance, that certain relationships exist between the dimensions

of gaseous particles, their velocity, and the path which they

traverse before they come in contact with one another. From

these relationships approximations may be made as to the

weight and the mass of the molecules, and at the same time also

of the atoms.

All these investigations have proved with approximate

agreement that the diameters of the molecules of different

substances are smaller than the ten-millionth part of a millimetre,

but at the same time not indefinitely smaller than this.

These approximations agree fairly well with the determina-

tion of the weights of the atoms mentioned in § 21, which also

show that certain limits exist within which the value of these

extremely small quantities must lie.

§ 60. Aggregation of the Molecules.—The particles of matter

of which we are cognisant by our senses are produced by the

heaping together of the molecules. These, according to the

foregoing, must exist in enormous numbers, even in the smallest

visible and ponderable mass.

The mode of aggregation of these molecules must vary, and

these differences will give rise to the different states of matter.

In the solid condition the particles are held together in an

unalterable position
;
in the liquid state they are so held that

the particles move easily among one another in such a manner

that no two particles remain neighbours for any length of time.

Between these two conditions, forming as it were the passage
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between the extremes, we have the soft, plastic, and viscous

states of matter in which the particles may move with greater

or less difficulty, under the influence of the force of gravrty or

pressure, without destroying the corrtinuity of the whole mass.

In the gaseous state the attraction of the particles for one

another ceases, so that these separate particles move away into

space unless they are prevented from doing so by impassable

boundaries.

§ 61. The Effect of Heat.—In no one of these conditions can

we assume that the particles are in a state of absolute rest
;
we

must rather imagine that in each one the particles possess a certain

motion, which is perceptible to us as heat, and this movement

becomes the more active the greater the amount of heat the

bodies take up. The form of this motion is not fully understood
;

still in the solid state each particle can only move round a certain

fixed position of equilibrium, this motion being either vibratory

or rotatory.

In liquids the particles must be imagined as moving over

one another, so that they leave no spaces between them, whereas

in the gaseous or vaporous condition the particles are so far

sepai’ated from one another that they move into space along

rectilinear paths until they come in contact with some hindrance

by which they are diverted from their path. A consequence of

an accelerated motion of the particles is to be found in the

expansion of bodies by heat, because more space is required for

these extended movements.

It is, however, a remarkable fact that in the passage from

one state of aggregation to another bodies take up the heat

which disappears as such, so that it is no longer recognised by

the senses or by the thermometer. This so-called latent heat

serves, doubtless in a great part, to produce those movements

of the particles which are characteristic of the new condition
;

in part, perhaps, also to overcome the forces ofattraction between

the particles, assuming such forces to exist.

The expansion exhibited by the majority of substances in

melting may also be attributed to the increase of these external

movements.

In addition to the motion of the molecules we must also

assume that the atoms constituting these molecules are likewise
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in a state of motion, and this again would be altered by the

application of heat. In monatomic molecules, consisting only of

one atom, as, for instance, in the case of the molecule of gaseous

mercury, which has been proved to be monatomic by Kundt and

Warburg, such atomic movements will not occur.

§ C2. Homogeneous Solid Bodies.—When similar molecules

collect together to form a solid aggregate, a solid body is pro-

duced, which will have a structure determined entirely by the

relative position of the particles. In the formless, or amorphous^

condition the arrangement of the particles would be similar in

each direction throughout the mass of the body, whilst in the

case of crystals in certain directions it would be found to be

different from others, and these differences are shown not only

in the relation of the external boundaries of the crystals by

plane surfaces, but also in any piece of crystal taken from any

part of the interior. These differences are shown in the solidity,

the hardness, the cleavage of the crystals in certain directions,

the expansion by heat, the conduction of heat, the velocity and

refraction of light, the colour of the same, and in some cases

also in certain peculiar electrical phenomena produced by heat-

ing or cooling. Such differences can only find their explanation

in a different arrangement of the molecules. We may assume

that the molecules are brought nearer together in one direction

than they are in another
;
but the reason for such an arrange-

ment of the molecules must be sought for in the molecules

themselves
;
so we must assume that in these, certain directions

are different from others, and that the particles arrange them-

selves near one another, so that the directions or axes are parallel

in all or are otherwise regularly arranged.

All possible regularities with regard to the disposition of

points in space have been geometrically investigated by Leonard

Sohncke, and their relations to the different systems of crystals

established. The greater the symmetry of the distribution of

such points, the simpler is the crystal system
;
and in full accord

with this it is found that substances of the simplest composition,

as, for instance, the elements and the compounds composed of a

few atoms, form, as a rule, crystals belonging to the regular and

hexagonal systems
;
whereas molecules composed of many atoms

for instance, the majority oforganic compounds yield aggregates
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which in a few cases crystallise with little or no evidence^ of

symmetry. In amorphous substances the particles must be

imagined as arranged irregularly, for this is the only way in

which the particles could be arranged so that in any finite mass

all sections would be the same. In many of their properties,

e.g. behaviour with polarised light, amorphous bodies resemble

the substances crystallising in the regular system
;
but this is

not the case for other properties, such as cohesion, hardness,

and cleavage.

§ 63. Heterogeneous Solid Molecular Aggregates.—A solid

body may also be produced by the grouping together of different

kinds of molecules. Many substances crystallise with water of

crystallisation; still these compounds would appear rather to

be homogeneous aggregates, for every molecule is united with a

definite number of molecules of water, and the molecules so pro-

duced are regularly grouped into new and larger ones. A few

only of the compounds containing water crystallise in the regular

system : as, for instance, the alums, the twenty-four molecules of

water being so arranged around the salt molecule as to produce

an aggregate homogeneous in all directions. The so-called

double salts are similarly constituted to the compounds contain-

ing water of crystallisation, and these must be reckoned amongst

the homogeneous aggregates, and also all other combinations

produced in accordance with the laws of stoechiometry.

The mixed crystals of isomorphous bodies in which the con-

stituents occur in varying and changing proportions must, on

the other hand, be considered as heterogeneous aggregates.

Thus, for example, the so-called vitriols, that is, the sulphates

of magnesium, copper, zinc, iron, manganese, nickel, and cobalt,

crystallising with water of crystallisation, may be crystallised

together in any proportions, which is true also of other iso-

morphous substances. This crystallisation together takes place

only when the compounds are of analogous constitution, and

when the isomorphous constituent is able to take up approxi-

mately the same space. If this condition is not exactly satis-

fied, then an angle of the crystal of one substance would

be altered to a greater or less extent by the entrance into

that crystal of another body. For instance, calcspar (CaCOg)

crystallises in rhombohedra, the angle being 105° 5', whereas
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magnesite (jMgCOg) crystallises in the same form, the angle of

which is 107° 25'. When both crystallise together in the form

of dolomite the angle is 106° 15'. This difference in angle of

these crystals arises from the fact that the quantity of calcium

carbonate represented by its formula occupies a greater space

than the quantity of magnesium carbonate represented by its

formula, and the increase of volume in consequence of this

results in an extension of the crystal along its chief axis.

The expansion of the crystal by heat takes place chiefly in

this same direction, and brings about also a reduction of the

terminal angle of the crystal.

In addition to these mixed crystals there are also amorphous

heterogeneous aggregates, which are produced by the solidifi-

cation of a mixture in a molten state.

§. 64. Density of Solid Bodies.—Great variations are exhibited

by the densities of solid bodies
;
substances are known, e.g.

certain metals, which are forty times as heavy as the lightest

known solid, and more than twenty times as heavy as an equal

bulk of water, with which liquid solids are usually compared.

The apparent irregularities observed in the densities of various

solids to a large extent disappear and certain regularities

become apparent when in the case of compounds the volumes

occupied by their molecular weights or the stoechiometric quan-

tities represented by their formula3 are considered, as has already

been done in the case ofthe elements in § 36. Investigations of this

kind have been carried out by H. Kopp, H. Schroeder, and others;

The inexactitude of the determinations, and also the doubts

as to the temperature at which the determination should be made,

have combined to retard the realisation of the laws to which

these quantities are doubtless subservient.

The simplest way of looking at this problem is to compare

the space occupied by a compound with that filled by the con-

stituent elements in the free state. When this is done it is

found, as a rule, that the volume of the compound is approxi-

mately equal to the sum of the volumes of the constituent

elements.

According to the table in § 36, the volumes of zinc and

sulphur are

—

V(Zn) -l-V(S) =9-1 -h 15-7 = 24-8.



MOLECULAE VOLUMES 109

The volume of the compound zinc sulphide formed by the

union of these elements is obtained by dividing the stoechio-

metric quantity ZnS by the density of zinc sulphide (blende),

thus :

—

V (ZnS) = Zn + S 65-1 + 31-98

d
"

4^05

97;!

¥05
24-0.

Thus it is seen that the volume of the compound is approxi-

mately equal to that of the sum of the constituents. Other

monosulphides show the same relation, as is exhibited in the

following table, in which under the sign S the sum of the volumes

of the constituents are given for the sake of comparison :

—

V (MnS) - - 21-7
^ ^ 4-u

2

22-6

Differ-

ence

-0-9

V(S)
calculated

14-8

87-9
V (FeS) - - 18-3

4*0
22-9 -3-6 IM

V (NiS) = = 19-7
4-b

22-4 -2-7 13-0

V (CuS) - - 22-9 22-8 + 0-1 14-8

V (ZnS) = = 24 24-8 -0-8 14-9

V rCdS) - = 29-9
4-8

28-6 + 1-3 17-0

V (HgS) - - 29-0 29-8 -0-8 14-9

V (SnS) - ^ - 30-2
5'0

32-1 -1-9 13-8

V (PbS) - = 31-8 33-8 -2-0 13-7

Mean 14-2

The agreement exhibited here is satisfactory, considering

the difficulties surrounding the exact determination of the
density. Consequently, no very great error would be made if

the volumes of sulphur were calculated by subtracting from the
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volume of each sulphide the volume of the metal contained in

it, thus :

—

V (ZnS) - V (Zn) = 24-0 - 9-1 = 14-9 = V (S).

In this manner the values under the heading V (S) in the above

table have been obtained. The mean of these is 14-2 instead of

15-7. This difference appears to indicate that the combination

is attended by a slight contraction.

The marked analogy exhibited by the elements sulphur

and oxygen is sufficient to justify a calculation in a similar

manner of the atomic volume of solid oxygen from the mole-

cular volumes of the oxides. If this be done the following

values are obtained, which agree fairly well with one another.

In the following table in the first column are placed the

stcEchiometric values
;
under d in the second the density

;
under

V in the third the volume of the oxide is given, and in the

fourth under V (R) the volume of the metal
;
finally under V (0)

the volume of oxygen, which is the difference between the two

preceding sets of numbers.

d V V(R) V(0)

MnO —

—

70-8 5-4 13-1 6-9 6-2

CoO =: 74-6 5-75 12-4 6-9 6-0

NiO = 74-6 6-4 11-7 6-7 5-0

CuO 79-17 6-4 12-4 7-1 5-3

ZnO = 81-1 5-7 14-3 9-1 5-2

CdO — 127-7 6-95 18-3 12-9 5-4

SnO — 134-8 6-3 21-4 16-4 5-0

HgO 215-8 11-3 19-1 14-1 5-0

PbO = 222-4 9-4 23-7 18-1 5-6

Similar values may be obtained from the so-called sesqui-

oxides R2
O

3
.

d

CrA = 152-8 5-2

Unfi, = 157-5 4-8

= 159-6 5-3

C02O3 = 165-1 5-6

m,0, = 165-1 4-9

V V (R,) V(03) V(0)

29-0 15-4 13-6 4-5

32-7 13-8 18-9 6-3

30-1 14-4 15-7 5-2

29-5 13-8 15-7 5-2

33-7 13-4 20-3 6-8
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Tlies6 results show the space filled by the three atoms of

oxygen to be nearly three times that occupied by one atom in

the first series of oxides.

The values obtained for the atomic volume of oxygen are

not always identical with those given in the above tables
;
thus,

in the case of the oxides of the composition E
2
O, e.g. Agfi,

Cu.p, Hg^O, the space filled by the oxygen is much greater,

whilst it is much smaller in the oxides ROjj such as SnOg and

SbOj, e.g.

V (Cu20)-V (Ou.,) = 24-4- 14-2 = 107 = V (0)

(Sn02)-V (Sn) =21-7-16-3= 5-4 = V (0^)

In cuprous oxide the atom of oxygen would appear to occupy

twice the space occupied by it in cupric oxide. In stannic

oxide, on the other hand, the volume is only half as great. In

the case of the compounds of the lighter metals still more re-

markable relationships obtain. The production of the majority

of these compounds is apparently attended by a considerable

contraction
;
so much so indeed is this the case that the volume

of the compound is smaller than that of the constituent metal

;

thus, for example :

—

V (Na^O) = 22-1, V (Na^) = 47-4

V (K^O) = 35-5, V (K
2)
= 90-4

V (MgO) = 12-5, V (Mg) = 13-9

It is needless to remark that in these and similar cases the

method of interpretation employed in the case of the oxides

cannot be used. Still some regularities amongst these com-

pounds do become evident when a comparison is instituted

between the volumes of analogous compounds of elements

belonging to the same natural family or elements following one

another in the periodic system. Still such relationships, despite

the energy expended in their investigation, are at the present

time but ill understood.

Of necessity the space filled by a solid body is not constant.

Alterations in pressure, and more especially of temperature,

affect this to a greater or less degree. Wlien heat is applied to

a solid body the volume increases. The expansion in the case

of crystalline solids, save those crystallising in the regular
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system, is different in different directions
;
in fact, it appears

probable that an expansion in one direction is accompanied by

a contraction in another.

§ 65. Fusion and Solidification.—When heat is applied to a

solid body, provided no chemical change is produced, then sooner

or later the coherence of the particles is so far reduced that the

solid melts
;
the individual particles are then able to move freely

around one another, but still their coherence has not been com-

pletely overcome.

In many instances other changes of solidity precede the

liquefaction, whilst in others, as soon as a definite temperature,

the melting point, is attained the solids suddenly and completely

liquefy. Others again soften or become pasty before melting,

passing, in fact, through a state intermediate between the solid

and the liquid. In this plastic condition particles can be welded

together by pressure, as is the case with metals like iron and

platinum. Some metals and some of the semi-metals, such as

zinc, bismuth, and tellurium, before melting become brittle at a

certain temperature, whilst at other temperatures they aie mall€^

able and ductile, and can then be either rolled into sheets or

drawn into wire.

The change in the state of aggregation is associated with

a greater or lesser absorption of heat. When the temperature

of a solid is very much below its melting point, a definite

amount of heat is required to produce a certain rise in tempera-

ture for each part by weight of the substance, and this is ap-

proximately the same for every degree of temperature. This

amount of heat so required is styled ‘ the specific heat. When

the body begins to soften under the application of heat, the

amount of heat required to produce a given rise in temperature

increases more and more, until when the body melts the

amount of heat absorbed is considerable, and is no longer

perceptible as such, becoming, in fact, latent heat. The heat^ so

absorbed serves in all probability to give an accelerated motion

to the particles, and being thus converted into motion is no

longer perceptible as heat. The fusion proceeds only in propor-

tion as the heat is applied, and as this serves only for melting^

the temperature remains stationary until the whole mass is fused.

On the other hand, when a molten mass gives up the heat to
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surrounding objects its temperature is not necessarily lowered

below the melting point, for the part solidifying will give out

its latent heat of fusion. Nor is it until the whole has solidified

that the temperature begins to sink. A molten body may, how-

ever,be frequently cooled below its melting point without solidify-

ing. In this state of superfusion the particles are in a condition

of unstable equilibrium, such that the slightest change suffices to

bring about solidification. This solidification is more easily pro-

duced by contact with the minutest fraction of the solid itself.

At the moment of solidification the temperature rises to that of

the melting point but no further : this rise in temperature is

produced by the liberation of the latent heat. This acceleration

in the rate of motion of the particles, corresponds to considerable

increase in volume, which, as a rule, appears to take place

suddenly on fusion or in part during the softening, this increase

amounting in some cases to 12 or more per cent, of the volume

•of the solid. Yet in the case of some sub.stances, especially

water, cast iron, bismuth, and some of its compounds and alloys,

•and perhaps also in the case of other metals, contraction is

known to attend the fusion, which can perhaps be explained as

arising from an altered arrangement of the atoms in the molecules.

In water this contraction amounts to nearly 10 per cent, of the

volume. The change in the state of aggregation produced by

pressure depends upon whether fusion be attended by an ex-

pansion or contraction, and in such a way that by sufficiently

great pressure that condition is produced in which the material

fills the smallest space. Ice can be liquefied by pressure, whilst

by its aid the majority of other solid substances can be retained

in the solid state at temperatures much above their melting

• points.

§ 66. Melting Points of the Elements.—The temperatures at

which different substances melt are specific and characteristic for

each, and serve, therefore, as important aids for their identifica-

tion. In § 36 it has already been mentioned that the fusibility

of the elements is a periodic function of their atomic weights.

This relationship, so far as it has been in any way ascertained, is

exhibited in the following table. The melting points of many
elements are still unknown, because the temperature at which
they melt is either too high or too low to be accurately deter-

I
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mined
;
in some other cases the rarity of the element or the

difficulties surrounding its isolation have prevented the exact

determination. In the following table the abbreviations used

are : a= approximation, h = above, c = very low, d = very high,

e = not melted, rh= red heat, drh — dull red heat, hrh=. bright

red heat, w A = white heat.

Melting Points of the Elements

I II III IV i
V VI VII VIII

i
Li Be B C N 0 F

180° bi-li d e c c c

, Na Mg A1 Si p s Cl
' 96° a 430° a 700° a 1500° U° 114° - 105°

K Ca Sc Ti V Cr Mn Fe Co Ni
63° drh ? e e d w h al600°al600°al460°

Cu Zn Ga Ge As Se Br

1064° 433° 30° a 900° a 500° a 680° -7°

Rb Sr Y Zr Nb Mo 1 Ru Rh Pd
39° d r li 7 a 1 600° (1 d ? a2000°al800°al500°

Ag Cd In Sn Sb Te I

964° 321° /~6° 233° 423° 466° 114°

Cs Ba Lei Ce Ta W 1 Os Ir Pt

H6° d 1- b a 800° a 800° d d ? a2500°al950°al775°

Au Hg T1 Pb Bi

1045° -39° 294° 326° 268°

Th U
i

d
I

b r h
i

The elements are arranged in the horizontal lines in the

order of their atomic weights. With these the melting point

rises suddenly and falls suddenly
;
the minima of the melting'

points are printed in italics, the maxima in block print.

The periods of fusibility do not coincide with those of other

physical properties—in fact, are less regular than these, but are

nearly related, as has already been shown in § 36, to those of

the atomic volumes.

It is remarkable that in every family the members of ono

group are difficultly fusible, whilst those of tlie other are easily

fusible ; e.f/. lithium, sodium, potassium, rubidium, caesium are

easily fusible, whilst copper, silver, and gold melt at high tem-

peratures, and similar relationships are found to exist in other

families. In separate groups the melting point changes with the

atomic weight, but not in the same manner. In some families

the melting point falls with increase in atomic weight, thus .
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Li 180°, Na 96°, K 63°, Rb 39°, Cs 26°,

Zn 433°, Ccl 321°, Hg-39°;

in others, again, it rises with increase in atomic weight
;

for

example :

—

Ga 30°, In 176°, T1 294°,

Cl -105°, Br-7°, 1+ 114°;

whilst in some families it rises at first to fall again, or falls first

and then rises.

§ 67. Melting Points of Compounds.—In the melting points

of compounds we have similar differences to those exhibited by

the elements. By the introduction into a compound of certain

elements the fusibility is in some cases raised, in other cases

lowered. The oxides of metals, e.gr., are much more difficultly

fusible than the metals themselves
;
the majority of the oxides of

the non-metals are more easily fusible than the elements
;

in

one and the same group of elements these changes are, as a rule,

found to be of the same character, but even in this case also there

are exceptions. Whilst, for example, the infusible element

carbon yields an oxide (CO.J which melts at — 60°, the corre-

sponding oxide (SiO.^) of the difficultly fusible silicon is almost

as difficultly fusible as the element itself. Fluorides, chlorides,

bromides, iodides, melt, as a rule, much more easily than the

oxides, and usually the iodide of an element is more easily fusible

than the bromide, and this than the chloride, whilst the fluoride

has the highest melting point. Thus, for example, the melting

points of halogen compounds of the alkali metals are, according

to Carnelley, as follows

Li
j

Na K Kb Cs

F
i

801°
j

902° 789° 763° ?

Cl 598°
j

722° 734° 710° 631°

1
Br

1

6I7°
1

708° 699° 683°
?

1

I 46()°
1

028° 634° 642° ?

I 2
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The melting point falls, therefore, with increased atomic weight

of the halogen, and similar relationships are to be found in other

families of the elements.

Many similar regularities are to be found amongst organic

compounds
;

still our knowledge of the general laws in this

province is much less extensive than might be imagined from

the thousands of melting-point determinations which have been

made.

It is, however, to be observed that in many cases the repeated

introduction of a given atom or a group of atoms in an organic

compound is accompanied by alternate raising and lowering of

fusibility. This is the case, as was first shown by Baeyer, in the

normal primary fatty acids of the general formula C„H2„02.

In these compounds the atom linkage is represented as follows :

HO—CO—CH2— . . . CH2—CH2—

H

in accordance with which, the several members of the series

differ from one another only in the number of CH2 groups

introduced between the carboxyl group, COOH, and hydrogen.

The relationships are shown in the following table

:

Name Formula Slclting Point

Formic Acid

Acetic Acid
Propionic Acid .

Butyric Acid
Valerianic Acid

.

Caproic Acid
Heptylic Acid .

Caprylic Acid .

Pelargonic Acid

Capric Acid
Undecylic Acid

.

Laurie Acid
Tridecylic Acid

.

Myristic Acid .

Quindecylic Acid

Palmitic Acid .

Margaric Acid .

Stearic Acid

Arachic Acid .

Medullinic Acid
Behenic Acid .

CH,0.,

C,H,02
C,H.O.,

C,H,„0.,

C.H.A
C,H,A
C,H,A
C,H„0,

C,,H.^Oj

C, 3
H,.,0 ,,

C„H„0.,
CisHsuOj
CjsHjgOj

^21 42^2

+ 8°-4

+ 17°
-24°

+ 1°

below —16°
- 2°

-10°-5

+ 16°-5

+ 12°-5

+ 30°

+ 28°-6

+ 43°-6

+ 40°-5

+ 68°-8

+ 51°

+ 62°

+ 60°

' + 69°
7

' +76°
72°-5

+ 73°

From the above it is seen that the first introduction of the group
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CHj between the carboxyl and hydrogen raises the melting

point, whereas the introduction of the second group lowers the

melting point; consequently those members in this series of

acids which contain an uneven number of carbon atoms melt at

a lower temperature than either of their neighbours containing

an even number of carbon atoms. As the molecular weight

increases this difference gradually disappears. The melting

point of the dibasic acids of the formula,

CnH2„_jO, = HO-CO— CO—OH,

consisting of oxalic, malonic, and succinic acids, &c., exhibit

similar relationships.

The melting points of many hydro-carbons, e.g. of benzene,

as shown by Jungfleisch, is alternately raised and lowered by the

replacement of the hydrogen by chlorine.

Melting Points

i
+ 3°

' C„H,C1 -40°

, C,H,CL

i

C„H,Cl3
+ 63°

+ 17°

+ 139°

C,HC1, + 86°

c,ci. + 228°

Still, it is only when the chief products of the action of chlorine

upon benzene are compared with one another that such regu-

larities are observed. In addition to these, several isomeric

compounds are formed, but in much smaller quantities, and

these again have different melting points. In fact, it is found

that the melting point of a compound is influenced by the posi-

tions which the chlorine atoms occupy relatively to one another.

As a general rule, it may be stated that of the three isomeric

di-substitution products which may be obtained by replacing

two atoms of hydrogen in benzene by two other atoms or

radicals, the para- compound has a melting point much higher

than the ortho- and the meta-. Which of the latter has the

higher melting point depends upon the nature of the atom or

radical replacing the hydrogen. If one of these is the carboxyl

group, COOH, then the meta- compound has a higher melting

point than the ortho-, otherwise the ortho- compound will melt at
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the liigher temperature. Still these rules are not without ex-

ceptions
;
in the presence of the nitro- group, NOj, it sometimes

happens that the ortho- is more easily fusible than the meta-, and

in some cases the reverse obtains. The following examples will

serve to illustrate these points ;

—

—
i

—
1

I’ara- MftH- Ortho-
j

1
,

Cl Cl
;

63° under — 1
5° below — 14°

1

Br Br
1

89° -28° - 1
°

I I 127° 40° 94°

j Cl I 66° ? liquid

,, Cl Br 67° liquid 1

Br 1 92° liquid liquid
j

OH OH 172° 99° 112°
i„

NH„ NH„ 140° 63° 99°
j”

Br 64° 18° 31° I

1 60° 26° ? 1

ciis CH, 15° -64° -28°
!

COOH OH 210° 200° 166°

OCH
3

175° 106° 99°

Cl 234° 152° 1.37°
„

Br 260° 166° 148°

I 267° 186°
,

169°
1

NH, 187° 174° 144°
'

NO., NO, 171° 90° 118°
1

I 171° 36° 49°
1

Cl 83° 44° 32°
1

Br 126° 66° 42°

>>
NH.. 146° 110° 71°

When a third atom of hydrogen in benzene is replaced,

then the melting point is altered still moi’e
;
as a rule, the

melting point of a para- compound is lowered, and indeed often

very considerably
;
whilst those of the other isomeric di-substitu-

tion products are raised. Still, even in this case the change in

the melting point is determined, not only by the nature of the

replacing radical, but also by their relative positions. In the

most symmetrical arrangements of these several groups in the

position 1.3.5 {vide § 54) the melting point is found to attain

the maximum.

§ 68. Melting Points of Mixtures.—Heterogeneous solid

bodies melt either in such a way that only one portion is lique-

fied, whilst the other remains solid or all the several constitu-

ents become liquid simultaneously. In the last case the fusion

always taffes place at a fixed temperature, which may be below

the melting point of the most difficultly fusible constituent, and
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is frequently found to be lower than the melting point of the

most easily fusible component. In this we have an explanation

of the observations so frequently made in laboratory practice

that even very small impurities suffice to effect a considerable

reduction in the melting point of a substance. Such a mixture

can frequently be distinguished from a pure homogeneous sub-

stance by the fact that the temperature does not remain stationary

during the fusion. As a rule, the constituent with a lower melt-

ing point melts first, and with it only a part of the liigher melt-

ing constituent, the remainder of the latter continuing in the

solid state, and not melting until a higher temperature has

been reached. If one were to separate the liquid portion

from the solid before this had occurred, then each portion when

separately examined would be found to possess a higher melting

point, because it contains a smaller portion of impurity. An

excellent method for the purification of solids is based upon this

difference.
_ ^ . .

§ 69. Homogeneous Liquids, Cohesion, Capillarity, Friction.

As has already been pointed out in § 60, the liquid state of aggre-

gation is distinguished by the fact that the particles, although

held together, can move easily over one another. In conse-

quence of this, liquids under the influence of the force of gravity

ussume the form of the vessel containing them; whilst the

surface assumes a dii’ection perpendicular to the line of the

action of gravity, provided that other forces e.y. the centrifugal

force—do not tend to change this position. The space occupied

by a liquid can only be reduced to a very small extent by great

pressure
;
liquids are therefore only slightly compressible fluids.

The mobility of the particles is veiy different in different

liquids. On the one hand we have liquids possessing a so-called

syrupy consistence
;
on the other hand, those possessing a mobility

approaching very nearly to that characteristic of gases. The

resistance which they offer to movement is what is usually

styled the internal friction or the viscosity of the liquids. This

property may be determined from the velocity with which the

liquid flows through a narrow tube (transpiration according to

Graham), or by the retardation, which a body rotating round its

axis, experiences when set in motion in such liquids. The fric-

tion is dependent upon the nature and the composition of the
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liquid
;

still, too little is known of the connection between
these properties to allow of any general statement being made.

Nor is oiir knowledge of the manner in which the particles

of a liquid are held together in a much more advanced state, the-

cohesion of liquids, which is especially exhibited in the phenomena
of capillarity, i.e. the manner in which liquids rise in very

narrow tubes, the walls of which are moistened by them, and is

likewise shown in the formation of drops. The weight or

volume of the liquid raised by capillarity is dependent upon the

chemical nature and composition of the liquid
;

still, of this

inter-dependence so little is known that it would not be ad-

visable to discu.ss it further.

§ 70. Density of Liquids.—The subject of the density or the

specific gravity of liquids, i.e. the weight of a unit volume, is-

one which has been exhaustively investigated. Usually, how-

ever, it is not the density, but rather its reciprocal, the so-called

specific volume—that is, the volume of the unit of weight—which

is dealt with in these investigations. The product of these values

into the atomic weights of elements and into the molecular

weights of compounds gives the atomic and molecular volumes.

Relationships have been recognised amongst these values similar

to those found to obtain in the case of solids. As the majoi’ity

of elements are only to be obtained in the liquid state, at either^

inconveniently low or high temperatures, their atomic volumes-

in the liquid state have been but little studied.

Inasmuch as for an equal rise in temperature liquids expand

much more easily than solids, it is of much importance in the

case of liquids that comparisons should be instituted at corre-

sponding temperatures. Hermann Kopp proposed that this

comparison should in the case of liquids be made at a tempera-

ture at which their vapour pressures are the same, viz. at the

boiling point under the same pressure. The pressure usually

taken as normal is the mean atmospheric pressure, viz. 760-

millimetres, although in the light of the more recent investiga-

tions it would appear more desirable to choose a much smaller-

pressure. But even the molecular volumes of compounds com-

pared at their boiling points' under the atmospheric pressure,

more especially those of organic compounds, exhibit numerous-

relationships, which, although they cannot be regarded as fixed
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natural laws, may at any rate be taken to represent approxima-

tions to such laws.
. , , i

The fundamental law of atomic volumes is that every atom

in a compound at its boiling point occupies a given space which

is chiefly determined by its nature, and only to a limited extent

by the manner in which it is combined
;
so that the volumes

occupied by the molecular weights of different compounds may

be taken to be represented by the sum of the volumes of all the

atoms contained in them.
^ i i i i

Thus if V be this volume, then in the case of alcohol we have

the following :

—

V(C.,HgO) = 2V(C) + 6V(H) + 1V(0)

;

and similarly in other compounds.

The unit of volume in this case is the space which the unit

weight of water at its maximum density occupies, and the unit

of weight the weight of an atom of hydrogen. The value of this

latter unit is unknown, but that does not signify, as in this case

it is, as in all determinations of density, only a question of

relative values.- In fact, the same values for the molecular

volumes are obtained if, instead of anatom, one gramme of hydro-

gen is taken as the unit of weight and one cubic centimetre as

the unit of volume.

Expressed in these terms, according to Kopp’s determinations,

the volumes of the atoms of the following elements in their com-

pounds at their boiling points would be approximately the

following:

—

V(H) = 5-5, V(C) = 11, V(0) = 7-8.

Accordingly in the case of alcohol, already cited, the following

value must be obtained :

—

2V(C) + 6V(H) + 1 V(0) = 22 + 33 + 7-8 = 62-8
;

whilst the actual determination at the boiling point 78° C. shows

the molecular volume of alcohol to be 62'2.

From Kopp’s law it follows, then, that a fixed difference in

the compositionmust always be associated with a similar difference

in the molecular volumes
;
thus, for example, the difference CHj.

in a homologous series of compounds must give rise to a differ-

ence in volume. This difference in volume for every addition
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of CHj has been found to be 22
;
and similar difierences

will be found in other cases. The correspondence between the

calculated and the observed values is, however, only approximate
;

thus, e.y., for the first five members of the series of alcohols

C„H._,„+20 following values have been obtained :

—

n V calculated Difference V obscrve<l Difference

1 40-8 42-7

2 62-8
22

62-2
19-6

3 84-8
22

81-3
19-1

4 106-8
22

101-6
20-3

6 128-8 122-7
21-1

The deviations from this fundamental rule may in many cases

be attributed to differences in the mode of linkage of the atoms.

Thus, for instance, two polyvalent atoms occupy less space when
united to each other by single affinities than when two or more
combining units are used for their mutual combination. Thus
the following relations are found to hold :

—

V(_0_C=) < V(0=C=)
V(—S—C=)< V(S=C=)
V(=N—C=) < V(N=C-)
V(=C—C=) < V(=:C=C=) &c.

This and similar relationships have been frequently used in

the investigation of atomic linkage
;

still, it must be remem-

bered that conclusions drawn from such observations are always

more or less uncertain, as there are many deviations from this

rule which cannot be explained as due to variations in the mode

cf union of the atoms. In the meantime investigations of

this kind are being steadily carried on. It has, for instance,

been shown that when an atom of chlorine or of bromine

replaces an atom of hydrogen in organic compounds, the space

occupied by the atom of the halogen element is dependent

upon the position it occupies, being greater when attached to

one atom than when combined with another. In the case of

benzene substitution products, the radicals replacing liydrogen

in this hydrocarbon have a greater volume when they occupy the

para- position than in the meta-, and in the meta- position a

greater volume than in the ortho- position. All such results are

of great importance as contributing to our knowledge of the

properties of matter.
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§ 71. ExpansionbyHeat.—The volume of a liquid varies with

the temperature, and as a rule the alterations produced by given

changes of temperature are greater in the case of liquids than tor

solids. Usually the volume increases with rise m temperature,

and this expansion becomes greater and gi-eater as the tempera-

ture rises. It is only in the neighbourhood of the solidifying

point that some liquids, notably water (§ 65), are found to con-

tract in volume as their temperature is raised.

Van der Waals has theoretically deduced the law which con-

trols the expansion of liquids by heat, and has demonstrated the

truth of the law by a comparison of the deductions made from

it with the results of observation. For such comparisons a know-

ledge of the critical temperature of a liquid is required, which

still remains unknown for the majority of those liquids the co-

efficients of expansion of which have already been determined.

The expansion of a liquid is attended by a considerable

absorption of heat, which with one and the same substance is, for

an equal interval of temperature, greater when in the liquid

state than when in the solid condition. The heat capacity or the

specific heat of a given substance is greater in the liquid state

than in the solid, often twice as great, and is even greater in

the liquid than in the gaseous state.

By multiplying the specific heat into the molecular weight

the so-called molecular heat is obtained, which in the case of

homologous organic compounds changes with tolerable regularity.

§ 72. Refraction of Light by Liquids.—The refraction of

light by liquids has been very completely investigated. It has

been found to be dependent upon the nature and the amount of

the elements contained in the liquids, as also upon the manner

of their union with one another. This interdependence has

been specially studied and demonstrated for the compounds of

carbon, the organic compounds, and for many others also.

If n be taken to represent the refractive index of a liquid, and

d its density, then it can be shown theoretically that the quotient

'

' Until recently the simpler expression was employed to represent

the specific refractive index, instead of the expression deduced by H. A. Lorentz

and L. Lorenz. The simpler expression, which was arrived at empirically,

explains satisfactorily the majority of observed facts, but is not, according to

Briihl, so satisfactory in some cases.



124 OUTLINES OF THEORETICAL CHEMISTRY

n?-l
(n^ + 2)d ’

which is known as the specific refractive power, is practically

unaffected by temperature
;
a conclusion which has been sub-

stantiated by actual observation. With the aid of this expres-

sion one may, as has been shown by Gladstone and Dale, by
Landolt and his pupils, represent the specific refractive power of

a liquid as made up of the sum of the refractive powers of its

constituents. If the weight P of the liquid contains p^, pj,

&c. weights of the constituents, then the following relation will

obtain, in which N and D represent the refractive index and

density of the liquid, and n^, d^, and d^ are the refrac-

tive indices and densities respectively of the constituents ;

—

N*—

1

p _ ?i,2—
1 ^

n^^—1

(N2 + 2)D ~ + 2)d, ^ (V+^2

(.<+mT-Pr

Landolt’s investigations have shown that this expression

applies equally to mechanical mixtures as well as to chemical

compounds.

If, therefore, P be the molecular weight, M, made up of ar

atoms of A„ of y atoms of A
2 ,

&c. then, since

I' = ]\I = ajA[ + yA2 + zAjj -j- . . .

it follows that

N^-l
(N2 + 2)D

i\I = a;
n, 2-1

(V+2)d,
. A, + y .A.

(V+2K'"^

+ z
n. •1

(n,^ + 2)d.
, A, +

,

Or that the molecular refractive power or the molecular refraction

of a compound is the sum of the refraction equivalents of its.

constituents. The refraction equivalent of the elements, which

is here represented by the expression
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mav, in tbe cases in which these values are known, he calculated

from the refractive index », the density d, and the atomic

weight A. It is, however, more convenient to deduce these

values from the observed molecular refraction of compounds,

which differ in composition by a definite number of atoms o

one or other of the elements. Calculations of this kind have

been carried out in numerous instances, and are based upon

xiata supplied by a very extensive series of observations.

Since light of different colours is refracted differently, the

index of refraction, n, must vary with the colour; consequently

observations made with light of different colours yield diflferen

refraction equivalents for one and the same substance. Inas-

much as up to the present no formula has been discovered which

enables one to eliminate satisfactorily this influence of colour,

the index of refraction is determined for light of a fixed colour.

For instance, that corresponding to Fraunhofer’s line C in^ the

sun’s spectrum is frequently used for this puiqiose, and this is

identical with the red line in the hydrogen spark spectrum.

For this coloured light Landolt found the following to represent

the molecular refractions (Mrf) of the compounds in the two

following tables, each of which consists of a series of compounds

differing from one another by constant difference (CHj) :

Name Formula Difference
j

Mrf Difference

Water . . . •

Wood Spirit

Ethyl Alcohol

Propyl „

Butyl „ .

Amyl „ .

H^O
CH,0
C,HeO
(CsH.O
C,H,„0
C,H„0

PH
'

ch! i

CH
S: 1 ^

4-47

4-55

4-57

4-68

4-63

Mean 4-68

Xame Formula Difference Mrf Difference

Formic Acid CHjOj CH„
8-62

4-41

Acetic Acid C,H,0, ch‘
12'93

4-49

Propionic Acid . ch‘
17*4z
oo.m 4-69

Butyric Acid CH„ 4-71

Valerianic Acid

.

CH.‘,
zb' z 4-60

Caproic Acid ch‘
3P22 4-63

(Enanthic Acid . 0,ri|402
.io oo

Mean 4‘6G
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A difference in composition of one atom of carbon and two
atoms of hydrogen is seen from the above to produce a difference-

of 4-56 in the molecular refraction. Similarly, the effect on the
molecular refraction may be determined for other differences in
composition, and from such results the refraction equivalents of
individual elements may be calculated. The following represent
the refraction equivalents of some of the commoner elements, for

aunhofer line C, or the line a in the hydrogen spectn

Refraction Equivalent

Cai*bon C 2*48

Hydrogen H 1*04

Oxygen 0 1*58

Chlorine Cl 6*0*2

Bromine Br 18*95

Iodine I 3*99

Nitrogen N 3*02

By the aid of such numbers the molecular refraction of a

compound like ethyl alcohol, for instance, may be calculated, thus :

C
2
HgO = 2x2-48 + 6xl-04 + l xl-58 = 12*78.

The observed refraction for ethyl alcohol is 12*71. Similarly,,

the molecular refractions of other compounds may be calculated.

§ 73. Influence of Atom-linkage on Refraction.—Such agree-

ment between the observed and calculated results does not

obtain in all cases
;

as, for instance, in the following we have

Aldehyde, CjHjO, Mrf = 2 x 2*48 + 4 x 1*04 + 1 x 1*58

= 10*70 (observed 11*50).

Acetic acid, C
2
H 40 .

2 ,
Mrf = 2 x 2*48 +4 x 1*04 + 2 x 1*58

= 12*28 (observed 12*93).

Valerianic acid, Mrf= 5 x 2*48 + 10 x 1*04 + 2 x 1*58

= 25*96 (observed 26*72).

In each of these three instances the experimental values are-

greater than the calculated, and the difference is very nearly

the same in each case, thus :

—

11*50-10*7 =0*8; 12*93-12*28 = 0*65;

26*72-25*96 = 0*76.

O'he molecular refractions of acids, aldehydes, ketones.
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ethereal salts, and those compounds derived from them are

found to be greater than the calculated values, and in these

compounds it is assumed for several reasons that they contain

an atom of oxygen united to an atom of carbon by both its

affinities If it be assumed that the refraction equivalent of

oxygen when so combined is 2-34, that is, 076 greater than its

refraction equivalent in the alcohols and other similar com-

pounds, then we obtain calculated results exhibiting a satisfac-

tory agreement with the results of observation.

Investigations undertaken at the suggestion of Landolt by

J. Briihl have shown that the so-called unsaturated carbon com-

pounds, viz. such compounds as combine directly with chlorine,

bromine, or even hydrogen, possess a molecular refraction

greater than those obtained by calculation. From the numerous

cases investigated it is found that a satisfactory agi’eement

between the calculated and observed results is obtained when

to the calculated molecular refraction 1’79 is added, for every

pair of carbon atoms united by double combining units, and

1-97 must be added for every pair of carbon atoms united by

three combining units.

After these rules had been established chemists sought by

their aid to determine the mode of atomic linkage in various

organic compounds, and more especially to fix the number of

the groups of carbon atoms united by two or three combining

units. It has thus been shown to be extremely probable that

in benzene, toluene, and analogous hydrocarbons there are

three pairs of carbon atoms united by two combining units, as

is required to satisfy Kekule’s constitutional formula (§ 51) ;

—

CH
/ \

HC CH
1 II

HC CH

The molecular refraction of benzene and its derivatives has

been found to be about five units greater than the sum, S, of the

refraction equivalents of the elements contained in them, as will

be seen from the following examples :

—
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— Molecular
Kefraction

Sum
S

Difference

Benzene C.H, 25-93 21-12 4-81 =3 X 1-60

Toluene C,H, 30-79 26-G8 6-11 =3x1-70
Mesitvlene . C,H„ 40-33 34-8 5-53 = 3 X 1-84

Phenol

.

CiiHgO 27-85 22-70 6-05 = 3 X 1 68

Benzyl Alcohol C,H,0 32-23 27-26 4-97 = 3x1-66

This and similar applications have combined to make the

molecular refraction a very important aid in tlie investigation of

the mode of linkage of the atoms in different compounds.

§ 74. Interaction of Lic[uids with other Substances. Wetting

and Imbibition.—If a liquid be brought into contact with another

liquid or with a solid body upon which it has no chemical action,

the change resulting from this contact will depend upon the

material composition of both, and determined by this, mbcing, or

dissolution, or mere contact will result. Liquids which do not

mix with one another will arrange themselves in accordance

with their specific gravities, liquids of equal densities forming

spherical drops in the mass of the other.

If one of the immiscible substances is a liquid and the other

a solid, then one of two sets of phenomena will be produced
;

either the liquid wets or moistens the solid, and in that case we

have the phenomenon of capillary attraction and the liquid is

raised in the solid, or the liquid does not wet the solid, then at

the point of contact a depression of the liquid surface is produced.

Thus, as is well known, water, spirits of wine, oils, and many

other liquids rise on the surfaces of glass, whilst mercury is de-

pressed by glass, just as the surface of water is depressed b}

contact with fat. In such cases the nature of the solid body

is of importance only so far as it determines whether it is

moistened or not by the liquid
;
in other respects the capillary

ascent or depression is dependent upon the nature of the liquid

alone.

There is a class of solids which possess the remarkable pro-

perty of absorbing liquids, by which they are moistened, with-

out dissolving in these same liquids.

This absorption of liquids is usually accompanied by a con-

siderable increase in the volume of the solid, and is described as

‘ Gelatinisatiou ’ or ‘ Imbibition.’ Cellulose, starch, glue, coagu-
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latecl albumen, and many other substances swell up when brought

into contact with water, and caoutchouc behaves similarly when

moistened by ether. To those substances which exhibit this

phenomenon is ascribed a large molecular weight and an atom-

linkage of such a character that the atoms form a species of net-

work into the spaces between which the smaller molecules of

liquids are able to penetrate without destroying the network. It

is worthy of remark that frequently phenomena such as diffusion

<§ 80) can proceed in the interior of the absorbed liquid as well

us in that portion which has not been so taken up. This power

of absorption is very different for different substances
;
whilst

in many cases the volume of a solid is considerably increased

during the process of imbibition, in some cases the increase is

scarcely perceptible. We are acquainted with all the inter-

mediate stages exhibited by this class of bodies, and by substances

such as burnt clay, hydrophane, &c. which, possessing a visibly

porous structure, take up liquids into their pores, which serve

simply to wet the interior of the pores.

§ 75, Heterogeneous Mixtures of Liquids. Solutions.—Many

substances are able to form fluid mixtures with other bodies.

Such mixtures are usually styled ‘ solutions ’ or ‘ dissolutions,’ one

constituent being distinguished as the solvent, the other as the

dissolved substance. Such distinctions are entirely arbitrary

and have no scientific import.

Fluid mixtures may be produced in the following ways :

—

(1) By solid bodies alone.

(2) By solids and liquids.

(3) By liquids alone.

(4) By liquids and gaseous bodies.

(5) By gases alone.

(6) By gases and solids.

The states of aggregation of the constituents of such liquids

only affect the nature and properties of the mixture so far as

the constituents assume these conditions or states on separating

out from the mixture. So long as they exist in the mixture,

they must be regarded as liquids.

The quantities of the constituents in such a fluid mixture or

solution are either quite unlimited, the mixing taking place

indefinitely in any proportions, or the proportions are so limited

K



130 OUTLINES OF THEOKETICAL CHEMISTEY

that the admixture takes place only within certain limits, beyond

which it is not possible to pass.

The first of these cases is represented by liquids such aa

water and alcohol, ethyl alcohol and methyl alcohol, or water

and glycerol, which mix with one another in every proportion.

In those cases in which such mixing or solution takes place

only within certain limits the maximum amount of one of the

substances which is taken up by a definite proportion of the other,

say 100 or 1000 parts by weight of this substance, is styled the

‘ solubility ’ of the first in the second. When both substances

are liquids, then the proportion of one of these may be raised

from zero to a certain fixed limit, but this latter cannot be ex-

ceeded. If more than this amount be added, then it remains in

the liquid state and separates from the rest
;

it can, on its part,

however, take up some of the other constituent. According to

Schuncke, water at 20° C. can take up 0*075 of its weight of

ether, whilst this latter may take up as much as 0*027 of its

weight of water. Mixtures of ether and water, therefore, can

only be obtained containing from 0 to 7 or from 97 to 100 parts

by weight of ether in 100 parts of the mixture. Consequently

at 20° C. mixtures of ether and water can only be produced

containing less than 7 or more than 97 parts by weight of

ether.

When one of the bodies is a liquid and the other a solid, then,

whilst the proportion of the former may be raised indefinitely,

that of the latter is fixed within a certain maximum limit, any

excess above this amount remaining undissolved and generally in

the solid state, though in some cases, as with phenol and water,

in a fluid condition. Solutions which are incapable of dissolvings

any more of the solid are said to be ‘ saturated.

When both constituents are solids, but the mixture formed

by them a liquid, then, as in the case of salt and ice, there is

for both of the constituents of the solution an upper and lower

. xieither of these limits must be exceeded if the mixture is

to remain liquid.

§ 76. Effect of Heat on Solubility.—The dissolution and

also the solubility"of different bodies are considerably affected by

heat, the effects being analogous to those produced on simple

unmixed substances. With such simple bodies an increase of
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volume is associated with an absorption of heat : a reduction in

volume, with a loss of heat
;
so also, as a rule, in the admix-

ture of liquids, a contraction is attended by an evolution of heat,

which may be, aud often is, considerable.

The changes in aggregation associated with dissolution are

also frequently accompanied by considerable thermal disturb-

ances.

Just as when a solid body is melted, heat is rendered latent,

so also there is a reduction in temperature attending the disso-

lution of a solid. The reduction in temperature is especially

great when both the bodies passing into solution are solids.

Thus, by mixing salt and ice in suitable proportions, the tem-

perature of the mass can be lowered by 20° C. The heat so

disappearing or becoming ‘ latent is used in the conversion

of the solid into the liquid state. Many substances first combine

chemically with a portion of the solvent, and the compound so

produced is then dissolved. Thus, for instance, anhydrous

calcium chloride when brought into contact with water combines

with the latter with production of heat to form the crystallisable

compound CaCljfiH^O, which dissolves in water with a con-

siderable absorption of heat. For the production of cold,

therefore, hydrated, and not anhydrous, substances are best

adapted.

The limits of solubility are extended by changes of tempera-

ture, and in the majority of cases a rise in temperature increases

the solubility. Still there are exceptions to this rule, and more

especially in the case of liquids. Thus, for example, ether is

less soluble in warm water than in cold, and consequently a cold

saturated solution of ether in water becomes turbid when heated,

owing to the separation of ether from the water.

According to Alexejetf, in the case of aniline and water the

mutual solubility of each is increased by rise in temperature.

At low temperatures solutions can be obtained containing only

but little water and very little aniline. As the temperatures

rises their solubility in each other increases, so that at 167° C.

these substances may be mixed with each other in any propor-

tion.

A reduction in the solubility with rise in temperature has

been observed only in the case of a few solids, and in these cases
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the substances undergo a cliange in their chemical composition
;

as, for instance, they may lose their water of crystallisation or

some other similar change may take place. The degi'ee of

solubility is, as a rule, very considerably increased by a rise

in temperature
;
in some cases, however, the alteration is but

slight.

In consequence of this marked increase of solubility, a hot

saturated solution when cooled must deposit a portion of the

dissolved substance. This as a matter of fact does take place,

accompanied by an evolution of the latent heat, which had

disappeared in the dissolution. In the sepai-ation of solids

from their hot satui'ated solutions we have an excellent means

for purifying many substances; for, when the solution is

saturated with one substance and not with the impurity, then

the first of these alone separates out, unless there are special

conditions which may cause the deposition of the impurity.

§ 77. Crystallisation. Supersaturation.—A hot saturated

solution may, when suitably protected from external influences,

retain on cooling an excess of the dissolved substance, just as

a fused substance may, if carefully cooled below its melting point,

still be maintained in the liquid state (§ 65). Such solutions

are described as ' supersaturated,’ just as simple substances are

said to be ‘ superfused.’ These states of supersaturation and of

superfusion are no doubt determined, more especially of crystals,

by the circumstance that a certain impetus is needed for the for-

mation of solid aggregates, without which they are not formed.

Mechanical disturbance, such as shaking or contact with a solid,

may bring about solidification
;

a particle of a ciystal of the solid

itself or of an isomoiqihous body is most effective in causing the

separation of a solid from a supersaturated solution, or the

solidification of a superfused liquid. The crystal acts on the

particles surrounding it, in such a manner that by arranging

themselves around it, and then by becoming attached to the

crystal, they cause it to grow. It is not infrequent to obtain solu-

tions which can only be induced to crystallise by making use of

these facts. Ciystals when introduced into supersaturated solu-

tions, as a rule, only cause the separation ot substances of the

same composition as themselves, so that the solution may remain

supersaturated for another solid. This does not obtain when
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the substances in solution are isomorphous, for then the intro-

duction into the solution of a crystal of either of them would

cause the crystallisation of both of the isomorphous bodies,

whatever the proportion in which they exist in the solution.

Consequently isomorphous bodies cannot be separated from one

another by recrystallisation.

When the temperature of a solution falls below the freezing

or melting point of the liquid constituent, e.g. of water, then we

have a phenomenon similar to that which in § 75 was described

as characteristic for a fluid mixture formed by solids onlj

.

3’here is now, therefore, a lower limit of solubility as well as

an upper limit, so that neither of the constituents must be

]u-esent in less than certain proportions, if the other is not to

solidify.

The further the temperature sinks, so much the nearer do

these limits come together and Anally coincide
;
consequently at

the lowest temperature only one liquid mixture can exist. A
concentrated aqueous solution of common salt will deposit salt

on cooling
5
whilst ice separates from a dilute solution cooled

below the freezing point. The further the temperature sinks

the more nearly do both solutions approach one another in

composition, until at — 22° C. they have the same composition

and contain one part of salt to three parts of water.

Further cooling would effect a solidification of the whole
;
a

liquid mixture of salt and ice cannot, therefore, exist below this

temperature.

§ 78. Eelations between the Freezing Points of Solutions and

the Molecular Weights of their Constituents.— Riidorfi and De

Coppet hav'e found that the freezing point of a not too concen-

trated solution of salt sinks in proportion to the amount of salt

present. One part of common salt dissolved in 100 parts of

water reduces the freezing point of water from zero to

— 0°-G C., two parts reduce it to — 1°-2 C., four parts to

— 2°-4 C., six parts to — 3°-6 C., and so on
;

for every

further addition of salt a reduction of 0°'6 C. is produced till

the proportion of salt in the solution amounts to 14 in 1 00,

when the solution freezes at — 8°'4 0.

At first sight it would appear that below this temperature

the relation between the proportion of salt and the reduction in
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the freezing point ceases. Further investigation has, however,

shown that this relationship still exists even at this temperature,

but no longer holds for anhydrous salt, but for the compound

NaCl + SHjO, which is the compound crystallising from water

at this lower temperature.

We may therefore conclude that below the limit between

— 8° and —9° C. the solution contains this compound, and not

the anhydrous salt.

In other cases, even with salts crystallising with water at

higher temperatures, the reduction of the freezing point

below zero is found to be proportional to the amount of the

hydrated salt present in the solution. For instance, for sodium

iodide the reduction is proportional to the compound Nal + 4H
2
O

in 100 parts of water. This reduction of freezing point is

therefore an excellent means of deciding the question as to

whether a given salt, when dissolved in water, loses or retains

its water of crystallisation. All that is necessary is simply to

determine the freezing point of solutions of different concentra^

tion, and in this way ascertain whether the lowering of the freez-

ing point is in proportion to the amount of the hydrated or of

the anhydrous salt in solution.

The results obtained by this method of investigation have in

many cases been confirmed by other observations, more especially

of the colour of the solution, when the hydrated salt differs in

colour from the anhydrous salt. For instance, anhydrous copper

sulphate, CuSO„ is colourless, whilst the hydrated blue vitriol,

CuSO^ + SHjO, is blue
;
so also is the solution

;
therefore the

solution must contain the hydriited and not the anhydrous salt.

This conclusion is confirmed by the results of the determina-

tion of the freezing point of its solutions.

If the reduction in the freezing point, instead of being

calculated for one part by weight, is calculated for the stoechio-

metric amount represented by its formula, viz. the quantity Q,

then substances of analogous composition yield very nearly

equal values. In the following table under Q are given the

weights of each of the compounds dissolved in 1000 parts of

water, the freezing points ai’e given under E Q, and under L

the depression in the freezing point pi’oduced by one part by

weight of the salt :

—
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Q B B Q

Sodium Chloride

.

Potasssium Chloride .

Ammonium Chloride .

Sodium Bromide

.

Potassium Bromide
Sodium Iodide .

Potassium Iodide

NaCl = 68-4

KCl = 74-4

NH,C1 = S3-4

NaBr-f4HjO='174-6
KBr =118-8

NaI-v4HjO =221-4

KI =166-6

0°-0600

0°-0446
0°-0663

0°-0189
0°-0292

0°-0162

0°-0212

-3°’60
-3°-32
-3°-48
-3°-30
-3°-47
-3°-36
-3°-61

With such regularities as are here exhibited, there can be

no doubt that if the amount represented by the formula NaCl is

the true molecular weight of common salt, then the other quan-

tities under Q must also represent the molecular weights of the

several compounds.

But if Q be twice or thrice as great, a similar conclusion

must be arrived at. This method, therefore, still leaves some

room for doubt as to which value must be accepted, and this

uncertainty becomes greater as in the case of some salts smaller

^ind for others larger values for E Q are obtained
;
thus, for

example, with the so-called vitriols, the following results have

been obtained :

—

— Q E EQ

Epsom Salts MgSO, + 7H„0 = 245-9 0°-0072 10.77

Zinc Sulphate ZnSO^ + 7H,p = 286-7 0°-0058 l °-66

Nickel Sulphate . NiSO^ +7H20 = 280-1 0°-0065 l“-64

Copperas FeSO^ .f 7 HjO = 277-4 0°-0066 l°-63

Blue Vitriol

.

CuSO, +7H,0 = 248-8 0°-0065 l°-62

By simply doubling the quantities Q, these results might be

brought into agreement with those above. In the case of other

compounds, however, such agi’eement could not possibly be

brought about by these simple devices.

It has been found by F. M. Eaoult that organic substances

•examined by this method give much more uniform results than

inorganic salts. This knowledge is all the more valuable, as the

molecular weights of many of these bodies can be determined in

the state of vapour (§ 21). Thus, for example, the reduction

•of the freezing point, brought about by one part by weight of

ether, C^HjqO = 73‘84,in 100 parts of water gives a value for E
of 0°-23. If the molecular weight of ether (73-84) be dissolved

in 1000 parts by weight of water, then the molecular depression
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E Q is equal to ’023 x 73'84 = l°-7
;
a number which agrees

satisfactorily with the molecular depression for the vitriols.

Similar values are obtained for many other organic compounds^
as shown by the following examples :

—

— Q EQ

Glycerol C,H„0, 10.71

Mannitol . CeH„0„
l°-80

Invert Sugar c.u,,o« 1°03
Milk 1°-81

Cane „ C,,H^O„ l°-86

Q EQ

Lactic Acid C,H„0 , l°-92
Malic „ l°-89
Tartaric „ C,H„0 , l°-95
Citric ,, C.H„0, l°-93
Urea . CH^N .,0 l°-72

This discovery is of great importance, since by its aid we can
determine, at any rate in terms of certain standards, the molecular

weights of those substances to which on account of their lack of
volatility Avogadro’s law cannot be applied. Thus, for instance,

for a long time some doubt existed as to whether the molecular

weight of milk sugar was equal to or was double the moleculan

weight ascribed to grape or fruit sugar, the mixture of which
forms inverted sugar. The above numbers, however, remove this

doubt and show that the molecular weight of milk sugar cannot

be represented by the formula CgHjjOg, for this amount would

only cori’espond to a depression of 0°-9 C.

Raoult has also found that the solutions of other solvents

besides water obey similar laws, and, as a matter of fact, the de-

pression of the freezing point of a solvent by a given amount of

dissolved substance is the greater the higher the molecular

weight of the solvent. Thus one part by weight ofether dissolved

in 100 parts of water, glacial acetic acid, or in benzene gives tho

following depressions :

—

In water ...... 0°'23

In glacial acetic acid .... 0°*53

In benzene ...... 0°’67

The last two numbers are very nearly proportional to tho

molecular weights of the compounds represented, viz.

—

Glacial acetic acid . . . = 59 86

Benzene ..... CgHg = 77'82
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For we have
0-53 :

0-67 = 1 :
1-26

59-86 :
77-82 = 1 :

1-30

Similar relations are found to obtain for other solvents, with

the single exception of water.
, 1

1

4.

Making use of this observation, Eaoult has been able ta

extend this law and express it in the following terms

_

If the molecular weight of any compound be dissolved in one

hundred times the molecular weight of any liquid, then the

freezing point of this liquid will be depressed by about 0°-62 C.

The majority of inorganic acids and salts when dissolved in

water form exceptions to this law.

The molecular weights of other bodies, then, can be deter-

mined by aid of Raoult’s law in the following manner :
—

A weight P of the substance is dissolved in a large excess,

(a quantity L) of a solvent having the molecular weight M, and

the reduction in the freezing point E is then determined. If m is

the molecular weight to be found, then we have, approximately,.

from which

P
.

m
L loo M

= E :
0°-62;

m= P .
62° M

L . E

I^he value of vfi so obtained is then to be corrected by the-

stoechiometric composition of the substance in question. It is,

as a rule, more convenient to take, instead of m, the smallest

quantity q, which represents a whole number of atoms and to-

calculate the reduction e brought about by this quantity in its

solution in 100 M, thus ;

—

. __5._ =E : e.

L • 100 M

Then to try with what whole number x, the value of e, must

be multiplied so that the product approximates as nearly as

possible to 0°-62
;
the required molecular weight m is then equal

to X q.
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§ 79. Exceptions to Raoult’s Law.—The exceptions to this

law already mentioned are of two kinds. In the first place there
are those substances, one molecular weight of which dissolved in
1 00 molecular weights of water (in round numbers 1 800, or more
exactly 1796 parts ofwater) does not give the normal depression of
0°-62, butone which is about 1° C. In order to bring the freezing

point to 0°'62 it is necessaiy to add more water, some 2700 to 3000
parts, or 150 to 160 molecular weights to one molecular weight of

the body dissolved. So water behaves as though its molecular

weight were greater than the weight represented by the formula

HjO. One may imagine in fact that in water near its freezing

point molecular aggregates exist, some of the formula or

the formula HgOg, and so on. The existence of such aggregates

would explain the abnormal expansion below 4° C.

Cold water, therefore, may be looked upon as a solution of

ice in water, and indeed in the light of a mixture consist-

ing of one molecular weight, H/lg, with one of the molecular

weight H,0, or one molecular weight, H„0„ to three molecules

of the formula H^O.

The second class of exceptions is formed of many acids and

salts, the smallest amount of which represented by the stoechio-

metric formula depresses the freezing point of water much more

than the molecular weight of any indifferent organic substance,

in some cases the depression being twice as great. According

to the above table, for instance, a solution of 58'37 grammes of

•common salt in a litre of water freezes at— 3°'5, whereas a solution

containing 341 ‘2 grammes of cane sugar (Ci.^HgjOj,) would freeze

at — 1°’85. Common salt, thei’efore, behaves as though it were

composed, not of an amount represented by the formula NaCl, but

by an amount almost equivalent to two molecules. To explain

these facts S. Arrhenius has suggested that the greater portion

cf the salt exists in solution dissociated into sodium and chlorine.

A somewhat similar proposal was formeidy made by Clausius to

explain the decomposition of its solution in electrolysis (com-

pare §§12 and 99). Improbable as this hypothesis may at first

sight appear, very weighty arguments have been advanced in

support of it.

§ 80. Diffusion.—If the composition of a solution is different

in different parts, then even when the temperature throughout is
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the same there arises without any external cause a gradual

mstment, inasmuch as all the constituents of the solution are

gradually and uniformly distributed throughout the mass.

The movement by which this uniform distribution is effected

was styled ‘ diffusion ’ by Graham. This diffusion takes plime

slowly and consequently the substances mixing wi i one ano er

may often take weeks and perhaps months in passing through a

distance of a few decimetres only. Inasmuch as this adinncture

takes place spontaneously, it must result from the motion of

the particles in the liquid state, and must also take place in

perfectly homogeneous and uniformly mixed liquids.

The difference between this case and that in which the mix-

ture is not uniform is to be found in the fact that as each of the

particles in any given position moves in one direction, an equa

number of particles will move in the opposite direction
;
whereas

in the case of mixtures lacking this uniformity, then ft-om that

portion of the liquid containing a larger number of particles in a

given space, more particles will come in consequence of this excess,^

iissuming that the temperature, and consequently the velocity of

the particles on both sides, is equal. Tlie uniform distribution

of the concentration will therefore occur the more readily the

gi'eater the difference in the contents of the two layers of liquids

in contact with each other.

From the considerable amount of heat which is rendered

latent in the passage from the solid into the liquid state, one

may conclude that the liquid particles have consMerable motion

imparted to them. That these particles, despite this motion,

only move slowly from one position to another may arise from

the fact that they interfere with one another’s free movement,

.and consequently only with great difficulty and very slowly are

they able to force their way through the crowd of suirounding

particles.

The velocity with which a substance diffiises depends, not

•only upon its nature, but also upon the nature of the solvent,

und further upon the temperature. These phenomena have

been chiefly investigated for aqueous solutions. One might at

first be inclined to believe that the smaller and lighter pai tides

would diffuse more rapidly than the larger and heavier particles.

Whilst this frequently is the case, it does not obtain universally,
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and especially is this found not to be so ^yith bodies which am
very nearly allied to one another. In illustration of this, a com-
parison may be made by taking an equal number of molecular
weights of different substances dissolved in an equal volume of the-
same solvent. Tor instance, if the weight in grammes ofpotassium
chloride, 74-4, represented by the formula KCl, of common salt
the amount 58-37, of lithium chloride the amount 42-38, repre-
sented by their respective formulae, be dissolved in a litre of
water, and the several solutions brought in contact with pure
water, then by determining the quantities of each which pass in
equal times under otherwise similar conditions into the water
we obtain values for the diffusion of these different substances
which may be compared with one another. Experiments of this
character conducted by J. H. Long have shown that the number
of molecular weights of each of these bodies which diffuse in
equal times are represented by the values given under d in the
following table ;

—

—
<<

i

i

_ d

KC1= 71-4 803
1

KN03= 100-9 607
NaCl= 68-4 ' 600 NaN03= 84-9 524
LiCl= 42-4 541

'

LiN03= 68-9 512
KBr= 118-8 823

1

KI = 165-6 823
NaBr= 102-8 609 ! Nal= 149-5 672

ihese examples show that potassium salts, despite their

greater molecular weights, diffuse more readily than the corre-

sponding sodium compounds, and these latter more readily than
the corresponding compounds of lithium. Such examples, which
might be considerably increased, show that frequently the large

molecules diffuse more readily than the small ones
;

still, on the
other hand, there are substances having very large molecular

weights, more especially complicated organic compounds, which
diffuse with extraordinary slowness. The substances mentioned
in the foregoing section diffuse at a comparatively rapid rate, and
these bodies, according to the hypothesis advanced by Arrhenius,

Jiiust be supposed to exist in their solutions in a state of dis-

sociation.

§ 81 . Osmosis and Dialysis.—If two liquids capable of diffusing

into one another are brought, not into immediate contact, but are

separated by a septum which is permeable to one or other of the
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constituents and not the other, or only permeable to a lesser

degree, then we have produced that remarkable phenomenon to

which Dutrochet has applied the term osmosis, from wn/ios, an

impulse. As this term implies, the liquid to which the septum

is permeable is driven through in such a way that a considerable

inequality of pressure on each side of the separating wall is

produced. Substances which swell up when moistened (compare

§ 72) are the best adapted for such septa. Animal or vegetable

membranes, parchment paper, gelatinous precipitates, such as

copper ferrocyanide or taniied gelatine, and also caoutchouc and

other bodies, are examples of the materials which may be used

for such septa
;

still there are also many substances which act

in a similar manner, although they do not swell up when

moistened. But what may and what may not pass through

such septa is determined by the nature of the septum itself and

also of the liquid. The cuticle of plants and animals and also

many membranes which are produced from aqueous solutions

are permeable by water, but are impermeable to many substances

easily or only slightly soluble in water. Caoutchouc does not

allow water to pass through it, although many organic substances

diffuse readily through this material. The most remarkable fact

observed in connection with the phenomenon of osmosis is that

the portion of the liquid by which the wall is permeated will

force its way through the membrane, despite the greater pressure

existing on the opposite side. For instance, supposing an

aqueous solution of salt be separated from pure water by a

membrane permeable only to water
;

still, as has been shown

by Nollet in 1748, and later by Fisher, Magnus, Dutrochet, and

others, the water passes through the membrane to the salt, so

that on the salt side an increased pressure is produced. The

water therefore moves in opposition to the pressure w'hich has

been produced by its own movements. As soon, however, as

the pressure reaches a certain amount, then this increase in

volume ceases. This maximum pressure, the so-called ‘ osmotic

pressure,’ has been studied and measured for different substances

by W. Pfeffer, and in many cases has been found to be very

considerable and to be proportional to the concentration of the

solution. At one time it was believed that this ]-)ressure was

due to the attraction of the salt or other dissolved solid for the
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water. This explanation is no longer permissible, for De Vries--

has found that in a very large group of substances this pressure

for the solution of two different substances is approximately the

same when both solutions contain in equal volumes an equal

number of molecules of the dissolved bodies. De Vries did not

measure the ‘ osmotic pressure ’ directly, but determined the-

concentration of those solutions of different substances which

give up as much w-ater to certain plant cells as they receive from

the membranes of these cells. These solutions are spoken of as

isotonic (from licros, equal, and rovos, pressure). De Vries found

that in order that the solutions of those organic substances in-

vestigated by him should be isotonic, they must contain in equal

volumes an equal number of molecular weights, whilst solutions-

of inorganic salts were found to be isotonic with the former when
less concentrated. Consequently very different substances exert

equal osmotic pressures
;
the phenomenon, therefore, cannot be-

dependent upon the material composition of the bodies nor upon

an attraction exerted by them upon water, which certainly could

not be the same for substances so very different from each

other.

We cannot, therefore, accept such an attraction to explain

this phenomenon. If on one side of the wall there were water-

particles only, and on the other, particles of another substance,

for instance, sugar, for which the wall is not permeable, then

upon this side the number of water particles coming in contact

with the wall would be smaller the smaller their number, and

consequently the larger the number of particles of sugar con-

tained in a unit volume. The smaller the number striking the

wall so much the smaller will be the number passing into and

through the wall, consequently a smaller number of particles of

water pass from this sugar solution towards the pure water

than from the water to the sugar solution. The amount of

water on the side of the sugar solution must therefore increase.

If the water so passing through the wall can flow away in any

other manner, then the passage will continue so long as the con-

centration on both sides of the wall remains unequal. If, how-

ever, the solutions are contained in closed vessels, then in con-

sequence of the advent of the water the pressure will be increased.

In proportion as this increase proceeds the amount of water
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passing through the wall in a given time diminishes, and will

finally cease when the pressure has reached a certain maximum ;

then the interchange ceases entirely. This arises from the fact

that the pressure produced by the water particles is more strongly

exerted upon the wall, and consequently they press through it.

In this way the equilibrium of the materials passing from both

sides is established.

If the pressure be increased artificially above this maximum

then more water passes out than is returned, till the equilibrium

is again established.

This osmotic pressure is dependent upon the condition of the

wall, and not alone upon its composition, but also upon its thick-

ness
;
for naturally it is easier to force the water through^ one

kind ’of wall than it is for it to pass through another of a differ-

ent material. If, however, one brings consecutively in contact

with the same wall, solutions of different materials, then the

osmotic pressure will gradually become equal, the equality being

established when the solution on each side of the wall contains an

equal number of molecules of the substances to which the wall is

impermeable. If these two solutions are divided by a partition

only permeable to the solvent, then no alteration in pressure is

produced
;

if, however, one solution contains in a given space more

molecules than the other, then the pressure rises in this solution.

The osmotic pressure as well as the depression of the freezing

point may be used for the purpose of comparing and determining

molecular weights. This method is, however, less convenient

than the former and suffers from the fact that these septa

are, as a rule, not absolutely impermeable to dissolved sub-

stances. In this method also it is found that acids and salts

exhibit an exceptional behaviour similar to that described

in § 79.

§ 82. Evaporation and Ebullition.—If a liquid be brought

into a vessel which it does not completely fill, then a portion of

the liquid passes as vapour into the space above. When this

formation of vapour takes place only at the surface of the liquid

it is styled ‘ evaporation,’ but when it also proceeds in the interior

ofthe liquid itself it is described as ebullition, or boiling. Which

of these two forms of vaporisation obtains, is determined by

external conditions, especially by the pressure on the liquid and



144 OUTLINES OF THEORETICAL CHEMISTRY

by the temperature. Evaporation may also take place from the

surfaces of solid bodies.

When the space above the liquid is completely void, then,

as a rule, evaporation takes place very quickly
;
but if it be filled

with air or other gas the vaporisation proceeds more slowly.

The mass of the vapour increases, but only until a maximum
density is reached, that is, until every unit of space contains a

certain definite weight of vapour : this maximun density is de-

pendent upon the nature of the substance and also upon the

temperature. This is true whether the space be filled with air

or not. The vapour tends to expand and consequently exerts

a pressure on the walls of the vessel, which pressure with con-

stant temperature is approximately, but not absolutely, propor-

tional to the density. To this maximum density there is a

corresponding maximum of pressure styled the pressure or

tension of the saturated vapour. The maximum density is

always reached when a sufficient amount of liquid is present.

If another gas exist in the space with the vapour, then both

exert a pressure, giving a total pressure equal to the sum of the

two. The component pressures are spoken of as the ‘ partial
’

or ‘ individual ’ pressures.

When the space filled with a saturated vapour is reduced,

and therefore the vapour compressed, neither the pressure nor

the density is altered, but a portion of the vapour is converted

into liquid and separates out as such. If the reverse happen,

then an amount of vapour is formed until the conditions of the

maximum of density and of pressure are again restored. It

must not, however, be concluded that by reason of the impossi-

bility of exceeding this maximum, the production of vapour

ceases when this condition has been reached
;

for the vaporisa-

tion continues, but as much vapour condenses and liquefies as

there is fresh vapour formed. The condition of a saturated

vapour therefore is no condition of rest, is not a statical but a

dynamical equilibrium, a state of motion which has become

stationary.

The maximum pressure of the vapour of a substance is

determined by the material composition of the body and also

by the temperature. At low temperatures it is frequently im-

measurably small, whilst at higher temperatures it is consider-
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able
;

still there are many bodies which cannot withstand the

necessary rise of temperature without suliering decomposition,

and therefore in the case of many liquids it is not known

whether they can in any way be converted into vapour.

When the pressure of the vapour is as great or a little greater

than the pressure surrounding the liquid, then the production

of vapour proceeds, not at the surface alone, but also in the

interior of the liquid itself, and the liquid boils. The formation

of bubbles of vapour in the mass of the liquid itself does not

necessarily take place as soon as the required temperature and

pressure have been reached, jnst as the crystallisation of a solid

from its solution does not begin immediately the condition of

saturation has been reached. A liquid heated to a temperature

above its boiling point is described as ‘ superheated.’ This con-

dition is analogous to that of supersaturation in the case of

solutions. When the formation of vapour takes place in a

‘superheated’ liquid, it proceeds rapidly and suddenly, just

as crystallisation in a supersaturated solution, and may conse-

quently occasion violent explosions. Various agencies are found

to be active in giving an impetus to the production of vapour—for

example, shaking— but perhaps the most effectual is the contact

of solid bodies, the surfaces of which are covered with a very thin

layer of air or gas, or a solid which forms a gas when brought into

the liquid will also promote the iiroduction of vapour. In this

thin layer of air the first vapour production takes place, which

rapidly extending forms a larger bubble, into the interior of which

evaporation takes place from all sides. Bodies which condense air

easily upon their surface, like platinum, or porous substances

containing air in the pores, like burnt clay, charcoal, &c. are

specially active in promoting this production of vapour. The

walls of the containing vessels, more especially those constructed

of glass or porcelain, act in the same way, by reason of the thin

layer of air which is retained adhering to their surfaces. If this

layer of air has been removed either by strongly heating the

vessel or by long continued boiling of the liquid in it, then sudden

and violent ebullition may set in, which can be avoided by

bringing into the liquid, platinum wire, sand, or pieces of clay

pipe-stems, &c.

The nature of the relationship between vapour pressure and.

L
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temperature is so far alike for all volatile substances that with

a rise in temperature the pressure increases at first slowly, then

rapidly and more rapidly until at last the increase takes place

with extraordinary rapidity. Ifthese phenomena are represented

graphically with the abscissae for the temperature and the

pressure as ordinates, then the curve is found to be convex to

the axis of the abcissae, and is at first almost parallel to this axis,

and finally almost perpendicular to it
;
as yet such representa-

tions have been made in only a few isolated cases. The law

underlying this relationship has not yet been completely

elucidated. As a rule, it has been deemed sufficient to fix and

determine the boiling points of different substances, i.e. the

temperatures at which the liquids boil under the ordinary

atmospheric pressure. But since this pressure varies from time

to time, and is different in different places, such determinations

are of little value unless the height of the barometer be also

measured. For instance, in consequence of the higher posi-

tion of Tubingen or Munich, the majority of substa.nces boil 1°

or 2° lower at these places than they do at Berlin or Konigs-

berg.

§ 83. Boiling Points.—The comparison of the boiling points

of substances of analogous composition has shown the existence

of a very intimate relationship between the boiling point and

the composition. These relationships were first brought to light

by the investigations of H. Kopp and of H. Schroeder, and have

since been amplified and extended by numerous investigators.

It is chiefly amongst the organic compounds that such investiga-

tions have been made, and among these it has been shown that

regular changes in composition correspond to similarly regular

alterations in the boiling points.

Among the numerous series of organic compounds of like

atom-linkage, the members of which differ from one another by

CH^, or a difference of 13-97, or approximately 14 units, in their

molecular weights, the boiling points and the molecular weights

form arithmetical series with approximately equal differences
;
still

the differences in the boiling points are not exactly equal, as is

tbe case with those of the molecular weights.

The following examples are taken from the chlorides, bro-

mides, iodides, alcohols, and acids derived from the series of so-
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called paraffins (hydrocarbons of the general formula C„H
2„+ 2)

The boiling points in each of the five series increase with the

number of carbon atoms
;
still, this alteration is somewhat different

in each series.

ti
CHLORIDE

^2n + l

BROillDE
CnHto+lBr

IODIDE
C„H.^+lI

ALCOHOL
0„H2„^.iOH

ACID
Cn fito

1 —22° + 4°-b 40° 66° 100°

35 34 32 12 19

2 + 12°-6 38°-4 72° 78°-6 119°

34 33 30 19 21

! 3 46°-4 71° 102° 97°-4 140°

32 29 28 20 22

1 4 77°-9 100° 129°-6 117° 162°

28 29 26 20 23

106°-6 129° 166°-4 137° 186°

1

^

26 27 24 20 20

1

6 133° 166° 179°-5 157° 206°

26 23 22 19 19

!
7 169° 179° 201° 176° 224°

j
21 20 21 19 13

8 180° 199° 222° 195° 237° (?)

Greater differences are found among the more easily volatile

substances than between the less volatile members. Still in the

case of bodies of approximately equal volatility the increase is

greater in one family than in another. In consequence the

remarkable relation obtains that the iodides and bromides of the

radicals CnH 2n+,,
containing a smaller number of carbon atoms,

boil at a lower temperature than the hydroxyl compounds, whereas

with higher values of n the iodides and bromides are less volatile

than the alcohols. With increasing values of n the chlorides

approximate more nearly to the alcohols
;
whereas when n

= 1 the alcohol boils 88° C. higher than the_chloride, and when

n=8 the difference is only 15° C.

Relationships between the boiling point and molecular

weight similar to the above are exhibited in many other series.

A. Winkelmann has shown that similar differences are observed

whatever be the pressure at which the boiling point is deter-

mined
;
the smaller the pressure the smaller the differences.

These approximately regular differences in the boiling points

are only found when the substances compared have similar

atomic linkage. Even minute differences in this respect may
give rise to considerable deviations in the boilmg point. For
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instance, the ‘ normal ’ hydro-carbons, containing carbon atoms
united in a single chain, must not be compared with their

isomerides containing side-chains of carbon atoms
;
the former

boil at considei’ably higher temperatures than the latter. Inas-

much as by the replacement of hydrogen by an elementary atom

or radical the volatility is affected, and the extent and manner
of this alteration is determined by the position of the hydrogen

BO replaced, those compounds can alone be regarded as homo-

logous in which there is complete analogy in the position of the

substituting elements or groups. It is, in fact, this far-reaching

influence exerted by the mode of the atom linkage in the boiling

point which has made the volatility of compounds of great

service in the investigation ofthe linking ofthe atoms in different

compounds
;
organic chemistry provides numerous illustrations

of the application and value of this method of determining tho

constitution of compounds.

§ 84. Vapour Pressure of Mixed Liquids.—If several liquids

are contained in the same vessel, each of these will give offvapour

into the part not occupied by the liquid. Regnault has shown

that in such cases the phenomena may be divided into three

distinct classes.

When liquids do not mix with one another, then each con-

stituent gives off as much vapour as if it existed alone, and the

total pressure is equal to the sum of the partial pressures of the

vapours of both. Therefore, a mixture of two such liquids will

boil at a lower temperature than either of the constituents. For

instance, if water be poured on to bromoform (CHBr,), which

boils at 151° C., then ebullition commences at the surface separat-

ing the two at a temperature of 93° C., because at this temperature

the sum of the vapour pressures of water and of bromoform is

sufficient to overcome the pressure of the atmosphere. The

boiling point remains constant so long as there is a sufficient

quantity of each liquid present. Carbon bisulphide and water,

ethyl iodide and water, and many other combinations behave in a

similar manner. This property may lead to very considerable

error in the determination of boiling points. Thus ethyl iodide

in presence of a little water will boil 10° 0. lower than the boiling

point of the pure substance.

When liquids mix only to a limited extent with each other,
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as for instemce ether and water (vide § 75), then the vapour

pressure ot the mixture is less than the sum of the

the single constituents, and in fact is only as great as that of the

more volatile constituent; in the instance cited it would only

be as great as that of ether. In such cases the boiling point of

the more volatile liquid could be correctly determined
_

in

presence of the other. The more volatile component havmg

distilled over with a portion of the less volatile liquid, the boi mg

then ceases, to commence again when the temperature at which

the latter boils has been reached.

When liquids mix in all proportions, the vapour pressure of

each reduces that ofthe other, so that the pressure of the mixture

is considerably less than that of the more volatile constituent

and lies between their separate pressures. The pressure m such

cases varies very considerably with the proiioi-tion of the consti-

tuents. If such a mixture is distilled, then the boiling point

gradually rises in proportion as the more volatile constituent

distils over. Separation by distillation in such cases is muc

more difficult than in either of the above instances. Separation is

then only possible when the distillation is frequently interrupted,

as in fractional distillation, when the distillate, as well as the

residue, are each separately redistilled.

§ 85. Relation of Density and Pressure of Vapours to Mole-

cular Weights.—If a vapour be examined under a pressure

much smaller than the maximum of its vapour pressure at the

temperature of experiment, then it is found that Avoga^o’s law

(§ 17) holds true for the vapour, i.e. equal volumes ot ditieren

vapours contain the same number of molecules, and as many as

are contained in the same volume of a gas, provided that gases

and vapours alike are measured under the same conditions ot

temperature and pressure. Under these conditions the densi-

ties are proportional to the molecular weights, and may serve,

therefore, for the determination of the latter, in the manner

already described in §§
19-21.

When gases and vapours or several vapours are contained

within the same space, and provided these gases and vapours

exert no chemical action upon one another, and do not when in

the liquid state mix with one another or dissolve in one anothei

,

then the sum of all the molecules is the same as would be the
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case were the space filled by a snigle gas or vapour under like
conditions of temperature and pressure. In fact, the proportion
of the^ pressure of each constituent to the total pressure is
determined by the number of its molecules existing in the space..
Methods for the determination of molecular weights have been
based upon this property.

Phus, substances which cannot be heated without decomposing'
at the temperatures at which Arogadro’s law can be applied
may be mixed with indifferent gases, and the weight, pressure,,
and temperature of the mixture determined. Deducting from
this the known or subsequently determined proportion of the-

admixed gas, the pressure and weight of the vapour are obtained,
from which the density and molecular weight are calculated.

According to Alex. Naumann, the molecular weight of a
volatile liquid can be determined by distilling it with another
liquid with which it does not mix. For, in such cases, the
pressure which each constituent of the mixture of v.apour exerts
is proportional to the number of its molecules in the vapour..

The amount converted into vapour, and consequently that dis-

tilling over, is greater the lui ger the number and the greater
the weight of the particles or the molecules. If P be the total

pressure, and p and the partial pressures, i.e. the vapour
pressures of each of the separate vapours, then

P=P +Vv

Further, let m and be the molecular weights and g and gr, the-

weights of each substance distilling over, then

<7 : g^= pm :ppn^.

If m, is already known and the pressure p, be measured for the-

temperature at which the mixture distils, then we have

p = P-j,„

For instance, from a mixture of toluene and water, 86'd

grammes of toluene and 21T grammes of water distil over at

84°*3 0. and 754*4 mm. At this temperature the pressure of

aqueous vapour alone is 422-0 mm.
;
consequently we have

—



VAPOUR PRESSURE 151

P = 754-4 mm, = 422 mm., p = P — Pi - 332-4 mm.

422 86-6

332-4
m = ... . X— X 17-06 = 94-5.

21-1

The molecular weight of toluene, according to the formula,

C H is 91-8 The agreement between these numbers is sut-

fide'hy satisfactory to leave no doubt as to the value of the

molecular weight. This method can be used m many cases

where others cannot be applied.
t, i i i

The vapour pressure may, according to Kaoult, also be

utilised to determine the molecular weights of substances in

the liquid state. When a comparatively
_

small amount of a

solid or liquid is dissolved in a volatile liquid, such as ether, the

vapour pressure of the solvent is thereby reduced and the

reduction is almost proportional to the number of the molecular

weights of the substance dissolved. For instance, the vapour

pressure of ether is reduced almost by^ when 1 molecular

weight of a substance is dissolved in 99 molecular weights of

ether; with 2 molecular weights in 100, i.e. dissolved in 98

molecular weights of ether, the pressure is reduced by about

and so on
;

still, the proportion of the substance dissolved

must not be too great, otherwise this rule ceases to be reliable.

If/ be the vapour pressure of pure ether, /' that of a solution

containing rj parts by weight of the dissolved substance in

100 parts of the solution, and consequently (100— y) per cent, of

ether m the molecular weight to be determined, the mole-

cular’ weight of ether (C,H,„0 = 73-84), and ii the unknoivn

number of molecules of the dissolved substance in 100 molecular

weights of the solution, then the following proportion holds

approximately:-

^ ^ : 100
^

and therefore

^ = 100-^.^.

Further we have also the following relations

cj :
100 — (j

= n X m : (100 — n) . m^,

and consequently
(100-7i).!7 „m = '' i

—

i . m ,

.

«.(100-y)
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The molecular weights determined in this manner are onlv
approximations and need correcting by the stoechiometric for-
mula, just as do the molecular weights deduced from the vapour
density. ^

§ 8G. Critical Temperature.—As the pressure of a vapour in-
creases with the temperature, and, in fact, the increase is the more
rapid the higher the temperature, consequently the higher the
temperature the greater the pressure required for the condensa-
tion of a vapour. For every vapour there exists a temperature
above which no pressure, however great, can effect the liquefaction
of that vapour. Andrews, the discoverer of this property, has
styled this temperature the ‘ critical temperature,’ and the pres-
sure required to effect the liquefaction at temperatures a little
below this is spoken of as the ‘ critical pressure.’ There is a
critical temperature for every vapour, provided it is not decom-
posed by the heat necessary to raise it to this temperature.

This discovery of Andrews indicated the method to be
employed in the liquefaction of the so-called permanent gases,
such as hydrogen, oxygen, nitrogen, carbon monoxide, marsh
gas, &c., which Natterer had attempted but without success,
although he had employed a pressure of several thousand atmo-
spheres. These gases were first successfully liquefied by Raoult
Pictet, who not only compressed the gases, but also at the same
time cooled them to temperatures much below their critical

temperatures.

According to the recently published investigations of Caille-
tet and Collardeau, the conclusions of Andrews require certain
limitations, insomuch that the possibility of a liquid existing as
such does not suddenly cease at the critical temperature, but
only the sharp definition of the liquid from the vapour dis-

appears, to be replaced by a misty, ill-defined intermediate layer.

At a little above the critical temperature the liquid still remains
more dense, and is therefore heavier than the vapour, and also

possesses other properties than those belonging to the vapour.
This difference between the liquid and gas disappears more and
more as the temperature rises.

Despite this limitation the critical temperature, which is also

known as the absolute boiling point, still remains an important
and characteristic constant.
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The critical temperatures of different substances are very

different varying with their nature and composition, as shown

by the examples in the table below, in which the critical tempe-

ratures are given under the heading 0 T,' and the critical pressure

in atmospheres under C P. •
.

In the case of many bther substances the critical tempera-

tures are much higher, and probably the critical teraperaturee of

many of the metallic elements are higher than any available

artificial temperatures.

The fact that no pressure, however great, should liquefy a

gas at temperatures above the critical temperature finds its

Lplanation in the fact that aboye this temperature the particles

are in such rapid motion that they seldom if ever remain

attached to one another, and the attraction of the particles

exhibited as forces of cohesion or of capillarity is completely

overcome.

Hydrogen

.

Nitrogen .

Carbon Monoxide
Oxygen .

Carbon Dioxide

Nitrous Oxide .

Hydrogen Chloride

Hydrogen Sulphide

Cyanogen

.

Ammonia .

Chlorine .

Marsh Gas
Ethylene .

Ethane
Acetylene
Amylene .

benzene .

Methyl Chloride

Ethyl „

Propyl „
Chloroform

.1 -
1

CT
j

OP

'
H,.

' below — 220° C. 1

Nu
1

-U6° 1
35

CO 1

-140° —
a.

' -119°
1

60

CO., 1

+ 34°
1

77

i N..0 1 + 36° 76

. 1 HCl + 62° ! 93

H..S + 100° 92

: ('N. 1 + 124° 62

; NH
3

1 + 1.30° 113

Cl., 1
+ 141° 84

.

CH 4
-74° 67

C„H
4

+ 10° 61

C'Hs + 36° 45

C.,H., + 37° 68

c.‘h,„ 192° 34

.
1

C„H„ 292° 60

CH..01 142° 76

C.ffhCl 183° 64

C,H,C1 221 ° 49

CHCL 268° 56

ie CCl,
I

282° 58

This conception finds strong support in many other

observations; for instance, the flow of liquids, capillarity, and

other phenomena all show that the cohesion of fluids is gradu-

ally weakened by rise in temperature. That this should be the

case is shown also by the fact that in the conversion of a liquid

into vapour or gas, the higher the temperature so much the
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less heat is absorbed or rendered latent. At the critical
temperature or absolute boiling point the latent heat of vapori-
sation IS probably zero, or is at any rate extremely small.

§ 87 Nature of the Gaseous State.-It'has already been
Shown

(§ 20) that, according to the generally accepted views
e particles which in a liquid are more or less coherent, are in

vapours or gases completely separated, and have free and inde-
pendent motion. The fact that vapours and gases, unless under
great pressure, fill a space many times greater than that filled
by the liquid from which they are produced proves that in the^
vaporisation or the conversion into gas the particles are separated
widely from one another. It is known as the result of numerous,
observations that, apart from gravity and universal gravita-
tion, the particles of matter can only act upon one another at
extremely minute distances

;
the particles of a gas or vapour must

therefore be beyond the sphere of mutual attraction. A body
left entirely to itself will, however, continue to move on in a
straight line with the velocity imparted to it unless deflected
from this path by some external influence. This is assumed to-
be the case with the particles of a gas or vapour, and, as shown
in § 20, the pressure of a gas can in every detail be satisfactorily
shown to be a consequence of this rectilinear motion of the
particles.

According to the kinetic theory of gases, the pressure is

proportional to the density; since the larger the number of
particles, so many more particles must strike the walls of the
containing vessel. Further, the pressure is proportional to the-

square of the velocity of these particles, for the frequency and
the force of the impacts must increase with the velocity. The
pressure is found to be proportional to the absolute temperature
of a gas: that is, to the temperature reckoned from — 273° C., or
more exactly from — 272°'G C.; it follows, therefore, that the
velocity of the rectilinear motion of the particles must increase in
proportion to the square root of the absolute temperature. This,

velocity must be very gi'eat, because the momentum of every
impact is proportional to the product of the velocity into the mass
but the latter is very small. Clausius has succeeded, by very
ingeniously combining theoretical considerations with the results

of observation, in determining these velocities in absolute
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measures, the calculations being based upon the following con-

siderations. „ ,

The pressure of a gas is equal to the change of momentum

of every single impact (i.e. to the product of the mass of the

moving particle into the change of its velocity) multiplied

into the number of impacts on any unit of area exposed to the

pressure
;
again, the pressure may be measured by a column o

mercurv : that is, in terms of the action of the force of gravity

on a column of this metal of a certain height and of a sectional

area equal to the unit of area. Placing these two different

measures of the pressure on opposite sides of an equation, we

then obtain an expression of the relationship between t e

velocity of the particles and a value expressed in metres per

second or any other convenient unit of measurement. The

equation in any case contains still an unknown factor, the number

of the particles, and also the unknown mass of an individiyil

particle. But of these unknowns the product alone occurs,

representing a measurable quantity, viz. the mass of the unit of

In the above it is assumed that the velocity of all particles

is alike ;
in reality this can never be the case, since by the

collision of the particles the velocities will undoubtedly vary

,

as is the case with a large number of billiard balls colliding

freely. There will, however, always be found a value for the

velocity, which, supposing all the particles to be uniform, would

produce the same pressure as the variable values of the rpal

velocities. Clausius has calculated that this velocity (r), which

is known as ‘the velocity of mean square,’ is expressed m
metres per second as follows :

—

In this expression T is the absolute temperature and d the

density of the gas, air being the unit.

As the density of a gas has been shown in § 21 to be pro-

portional to the molecular weight, we may replace d by the

expression

volume of the gas.
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and then obtain the following as the relation between the velo-
city and the molecular weight ;

—

V = 485 .

28-87

m
= 2605 .

T
273 . m‘

In accordance with this formula the following numbers
represent the velocities in metres per second of the particles
of oxygen, nitrogen, and hydrogen at 0°C., i.e. T = 273, and at
the critical temperatures —119°, —146°, and —220°.

Oxygen v„= 461

Nitrogen ?•„ = 492

Hydrogen = 1 844

r-K = 346 ;

= 288

;

i-g = 953.

The velocities, therefore, are considerable even at tempera-
tures near those at which the gas may be liquefied, and at the
freezing point the velocities are much greater than the velocity
of sound, for instance.

§ 88. Constitution of Gases.—Many of the different proper-
ties of gases, such as the constant expansive tendencv, their
rapid filling of empty spaces, and many other qualities, find
an easy and simple explanation in the great velocities of gaseous
particles. On the other hand, at first sight many of the projjei-ties

do not appear to be consistent with so great a velocity. In oppo-
sition to the acceptance of these views it has been pointed
out that the mixing or difiusion of gases, which certainly

takes place more rapidly than in the case of liquids, is still

comparatively slow, so that even with small quantities of dif-

ferent gases then’ complete admixture may require hours and in

some cases even days. This apparent contradiction is, however,

entirely due to the conception that, in consequence of the great

velocity of the particles of gases, the admixture of gases should

be effected instantly.

Clausius has, however, shown that the tardiness ’of gaseous

diffusion and the low conductivity for heat and other properties

of gases may be satisfactorily explained, despite the velocity of

the particles. A single particle which, if alone, would move
through several hundred metres in a second, is retarded by
others which it meets in its path, and colliding with these is

reflected back just like an elastic ball, in the same way that a
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man running rapidly would be retarded so soon as be came

into a throng. The crowding together of the gaseous particles

cannot, however, be so great, for a counDarison of the densi y

of gases and liquids shows that the particles of a gas fill on y

a thousandth of the space taken up by the mass; consequent y

in the spaces between them there must exist for them move-

ments to and fro a thousand times as much space as that fille

bv the mass. But at the same time the average distance

between the particles can only be very small when their number

is great and the mass of each correspondingly small. Starting

with these assumptions from the known rate of diffusion, t e

conductivity for heat, the internal friction of gases, &c
,
the

average distance which a particle must travel before it collides

with a second has been calculated-this distance Clausius has

styled the mean free path.

The length of path is shown to be extremely small less, «n

fact than anv length microscopically visible in the case of gases

at normal pressure. With the majority of gases at the average

temperature and a pressure of an atmosphere the distance is less

than the ten-thousandth part of a millimetre. With a velocity

of several hundred metres per second the number of times

which a given particle must collide with others is quite incon-

ceivable, and, according to calculation, it must be from four to

ten thousand million times per second.
^ ^

These calculations show the subdivision of matter in the

gaseous state to be excessively great, since at the average

temperature and under the pressure of one atmosphere a cubic

centimetre of any given gas, and therefore in accordance with

Avogadro’s law, of all gases, will contain approximately some

twenty trillion particles. As the weight of this mass can be

determined, and, in fact, is known, the weight of a single mole-

cule may be approximately ascertained. The weight of a

molecule of hydrogen has thus been found to be

0-000,000,000,000,000,000,004 milligramme

;

or a quadrillion of particles of hydrogen would weigh about

four grammes. Although these numbers cannot lay claim to any

special accuracy, still they serve to give some idea of the magni-

tude (or, rather, the minuteness) of molecules and of atoms also.
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Not only may tlie weight but also the dimensions of the
particles be similai’ly estimated. The hindrances to its free
movement experienced by a particle produced by collision with
others is determined, not only by its velocity, but also by its

dimensions; for the larger the particles the more they ^vill

interfere with one another. The ]iath, therefore, will be shorter
the larger the particles. The knowledge of the frequency of
their collisions may further serve to enable us to form an estimate
of and to measure approximately their dimensions. According
to the calculations of 0. E. Meyer, a cubic centimetre ofhydrogen
measured at 20° C. and under pressure of 760mm. contains so
many molecules that if they were laid side by side they would
cover 9500 square centimetres, or very nearly a square metre.
Accordingly for each twenty trillion particles but a very small
surface would be required, for in the length of a millimetre some
four to five million particles could be arranged in a series.

The relative size of the molecules of two different gases or
vapours may be calculated with greater exactness than can their
absolute dimensions. By similar calculation it has been shown by
the author that in the case of most substances the actual spaces
filled by the gaseous particles stand to one another approximately
in the same proportion as that which obtains in the liquid state.

§ 89. Boyle’s Law.—The behaviour of gases under all con-
ditions is determined by the dimensions, the mass, and the
velocity of the particles. The deviations from the fundamental
laws of gases exhibited in individual cases can be explained in a
satisfactory manner as arising from these several influences.

According to Boyle’s law, the volume of a given mass of gas is

inversely proportional to the pressure upon it, and therefore

the product of the pressure into the volume or the quotient of

the pressure and density remains constant. This law is not,

however, absolutely true of any gas
;

for every gas, with the

single exception of hydrogen, exhibits a gi’eater diminution in

volume with increase in pressure than should be the case if the

law were absolutely true, i.e. the value of the product P V
diminishes. So soon, however, as the pressure increases to a

considerable number of atmospheres then the value of the pro-

duct P V becomes greater, arising from the fact that the volume
decreases less rapidly than the pressure increases. Hydrogen
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as far as it lias been investigated always shows this increase in

the value of the product P V, and not the diminution. The first

of these deviations from the theoretical laws is explained by the

assumption that the particles of the gas at temperatures much

above that at which liquefaction takes place exert an action upon

•each other, showing itself as an attraction, becoming stronger

the more frequently the particles strike one another.
^

The de-

viation in the opposite direction finds its explanation in the re-

duction by increased pressure of the space between the particles,

and not of that occupied by the particles themselves. The

proportion which the latter bears to the total space occupied by

the gas, increases with the pressure.

Van der Waals has shown that both these deviations from

Boyle’s law afford an explanation of the lack of exact proportion

to the absolute temperature and the changes in pressure and

volume with alterations in temperature. <

The kinetic theory of gases, although it still requires further

-extension and further experimental investigation, is capable of

very satisfactory explanation of the behaviour and pro-

perties of gases; consequently this theory, in opposition to which

iit first many facts were cited, has now received general accept-

.ance and recognition.

§ 90. Mixture of Gases. Diffusion. Effusion. Transpiration.

AVhen two or more gases come in contact with one another,

each will flow into the space filled by the others, even when

they are both under the same pressure. The origin of this

mixing or diffusion is the exceedingly great velocity of the par-

ticles, which, as already mentioned in § 88, despite its magnitude,

can only effect a slow and gradual admixture on account of the

frequent collisions of the particles with one another. The diffu-

sion takes place most quickly with gases of small molecular

weight, the particles ofwhich have consequently greater velocities.

In this respect hydrogen far exceeds all other gases
;
the rate of

diffusion depends also upon the dimensions of the particles of

the several gases themselves ;
since they form the barrier opposed

to the free movement of the gaseous particles. It follows, there-

fore, that for any jiarticular gas the nature of the gas into which

it diffuses is important, and its rate of diffusion, therefore, is

determined by the nature of the other ga<5.
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When the surface separating the two gases is relatively large-

thenthe pressure, being the same on both sides,remains unchanged

during and after the mixing of the gases. If the gases are sepa-

rated by a porous partition or by a partition with a small opening,

then the pressure will rise on the side towards which the gas with

smaller molecular weight diffuses, because the other gas cannot

pass through at a rate sufficiently great to compensate for the

inequality of pressure. In course of time, however, this differ-

ence in pressui’e disappears.

In the flow of gases through narrow tubes or channels, which

Graham styled ‘ transpiration,’ the internal friction comes into-

phiy, and this being dependent upon the free path of the par-

ticles may be utilised for the purpose of determining tho

same.

The flow through a narrow opening in a very thin wall,,

described as ‘ effusion ’ by Graham, takes place with velocities

which are inversely as the square root of the densities, and are

consequently proportional to the velocities of the rectilinear

motion of the particles. This property may therefore, as was

proposed by Bunsen, be utilised to measure these velocities and

also to determine the molecular weights.

§ 91. Mixing of Gases and Liquids. Absorption of Gases.

—

AVhen a gas comes in contact with a liquid, then, as a rule, the-

gas passes into the liquid as it would into a vacuum or a space

already filled by another gas, whilst at the same time the liquid

evaporates to some extent into the gas. The taking up of the-

gas by the liquid is, when there is no chemical action between

the two, spoken of as absorption. It is, however, frequently

difficult, if not impossible, to draw a sharp line of distinction

between absorption and chemical combination. The solution of

a gas in a liquid is spoken of as absorption when it takes place

in accordance with Henry’s law, i.e. when it is proportional to-

the pressure of the gas, and is described as chemical combination

when it is independent of the pressure. There are many in-

stances which stand midway between these two extremes, in

which whilst the amount of gas absorbed varies with the pressure

it is not proportional to it. Such cases will be considered later

in the discussion of chemical change (§ 92 et seq.).

'J'rue absorption, which is proportional to the pressure, takes
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place very slowly when, the gas is in simple contact with the

surface of the liquid. When the two are brought into more

intimate contact by shaking, then the absorption takes place

rapidly. The absorption of the gas by the liquid proceeds until

a certain relation between the density of the gas absorbed and

that of the unabsorbed gas Is reached, at which point equilibrium

between the particles of gas absorbed and passing out of the

liquid is maintained. This relation is called the coefficient of

ahso^’ption

:

it is dependent upon the nature of the gas and of

the liquid, and also upon the temperature. Many liquids, as for

example mercury, and possibly other molten metals (perhaps with

the exception of silver, which absorbs oxygen), are practically

impervious to gases
;
others absorb but little; whilst others, again,

are capable of absorbing considerable proportions of gases. The

following table contains the coefficients of absorption by water

of several gases at 0° C., 10° 0., and 20° C., as found by

Bunsen ;

—

— o°c. 10° C. 20°
0.

1

Hydrogen 0-01<)3 0-0200 0-0207

Nitrogen .... 0-0203 0-0167 0-0150

Carbon Monoxide 00320 0-0273 0-0248

Oxygen .... OOlll 0 0337 0-0305

1

Marsh Gas 0-0545 0-0453 0-0376

Olefiant Gas 0-2563 0-1 904 0-1697

i

Nitrous Oxide .
1-3052 0-9532 0-7191

1

Carbon Dioxide 1-7967 1-2281 0-9674

These numbers show that the quantity of gas taken up by a

unit volume of water is in some cases greater, in others consider-

ably less, than is contained in an equal volume of the free gas

itself. In the case of hydrogen the amount of gas absorbed

by the unit volume of water is about 2 per cent, of the quan-

tity of hydrogen contained in the unit volume; in fact, this

proportion is maintained for parts by weight or for volume,

assuming that in the latter case the volumes are measured under

the same conditions of pressure and of temperature as those at

which the absorption takes place.'

A litre of water at 10° absorbs only 20 c.c. of hydrogen

‘ For practical reasons Bunsen measures all the gas absorbed at 0°; conse-

quently his coefficients at 10® and 20° would differ somewhat from those given

in the above table.

M
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16-7 c.c. of nitrogen, 33-7 c.c. of oxygen, but takes up as muclx
as 1228’1 c.c. of carbon dioxide.

A comparison of the coefficients of absorption with the
critical temperatures given in § 86 shows that the order is very
nearly the same, and therefore those gases which require for
their liquefaction the greatest cooling and pressure are the least

easily absorbed by water. Absorption of gases by liquids would
therefore appear to be a phenomenon analogous to that of their

liquefaction. It is further to be remarked that the unit gas,

which does not under any conditions show a decrease in P.V. with
increase of pressure (§ 89), viz. hydrogen, exhibits no diminu-
tion in the coefficient of absorption with a rise of temperature
from 0-20° C.

Absorption would appear, therefore, to proceed as follows

:

a certain fraction of the gaseous particles coming in contact

with the liquid is taken up by the liquid, the proportion being
the greater with the more easily liquefied gases. On the other
hand, a portion of the gas is always given off again, and equili-

brium is established when as much passes out as is taken up
by the liquid. If the pressure on the gas is increased, then so

many more particles impinge on the liquid in a given time, and
consequently more is absorbed

;
when the pressure is reduced,

then more particles pass out than in, until a new condition of

equilibrium is established.

From a mixture of gases each gas is absorbed as though it

alone were present, and therefore in proportion to its coefficient

of absorption and its share of the total pressure, which Bunsen
has described as the ‘ Partial Pressure.’

§92. Chemical Change.—The phenomena discussed in the

foregoing section are concerned with changes affecting the

aggregation of molecules, but not of the molecules themselves,

in which the nature of the atoms entering into their composi-

tion undergoes a change. The changes in composition of the

molecules themselves form the true chemical phenomena, or,

as they are usually styled, ‘ chemical decompositions.’ Every

element and every compound is capable of such change, but

in varying degrees. Whilst many substances resist in a remark-

able manner all tendencies to produce changes in their composi-

tion, others are so unstable that they retain their individuality
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only under very special conditions, and are destroyed by the

slightest alteration in external conditions. Between these ex-

tremes every possible and conceivable state of stability and

instability is known.

Chemical changes may assume different forms, which are

oharacterised by the alterations in the molecules produced by

the changes.

(1.) A molecule may be formed by the immediate union of

the atoms (pure synthesis).

(2.) Or it may be resolved into atoms.

(3.) Two or more molecules may combine to form a single

molecule. When the molecules are alike, the phenomenon is

spoken of as polymerisation
;

e.g.

3C2HP = CgH,,03

3 mols. of aldehyde 1 mol. of paraldehyde.

When the molecules are different, the combination is described

•as ‘ addition,’ e.g.

Hg + CI
2

= HgClj

Mercury Chlorine Corrosive sublimate.

CjH, + Br^ = O^H.Br^

Ethylene Bromine Ethylene bromide.

(4.) On the other hand, a molecule may split up into several

•others, either like or unlike. The change when permanent is

•described as ‘ decomposition,’ and as ‘ dissociation ’ when the

products of decomposition reunite on withdrawal of the cause

producing the change.

(5.) A substance may withdraw a constituent from another

substance, or expel a constituent and take its place. The follow-

ing changes,

HgBr^ + CI
2 = HgCl^ + Br^

;
Cd + HgCl^ = CdCl^ + Hg,

may either be interpreted as the expulsion of bromine by chlorine,

of mercury by cadmium, or as the chlorine withdrawing bromine

from mercury, and the cadmium withdrawing the chlorine. The

replacement of a substance {e.g. bromine) by another (chlorine)

is described as ‘ substitution ’ of the second in place of the first.
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(6.) The most frequent form of chemical change is that of
‘double decomposition,’ in which two substances mutually inter-
change some of their constituents, e.g.

HH + CICI = HCl-hHCl

HI + AgCl = HCl + AgI

C2H,0H + HONO2 = C2H5ONO2 + HOH.
Alcohol Nitric acid Ethyl nitrate Water

Formerly, many of the changes belonging to this category were
regarded as syntheses or additions, but such views are now re-

garded as erroneous, e.g.

5 + ei = H€l, or H + C1=HC1.

(7.) Triple and even more complex interactions are not
infrequent

;
e.g., the oxidation of carbon monoxide (according

to Dixon), or of metals (according to Traube), by moist oxygen,

the bromination of benzene by the agency of ferric chloride

(according to Scheufelen), and even the solution of zinc in

dilute sulphuric acid :

C0 + 0!H2 + 0i0 + H2[0-hC0 = CO2 + H2O + OH2 + CO2

Zn + 2 (OH| H) + OiO = Zn (0H)2 + H200

Cg Hg-t-BrBr+ FeClg = Cg Hg Br + HCl + FeClg Br

HO i H -f- Zn H I OSO2 OH = H. H -h HO ZnOSO^OH.

Considering the final result of the first change, one might

conclude therefrom that oxygen and carbon monoxide alone

take part in the action, since there is as much water present at

the end as there was at the commencement of the action. This

view is nevertheless incorrect, as it has been shown that this

oxidation does not take place in the absence of water, or, if at all,

only at high temperatures.

(8.) A rearrangement of atoms may take place in the mole-

cules themselves, resulting in a change of the atomic linkage
;

such cases are described as metameric changes, e.g.
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O' -C_N—NH, =

Ammonium isocyanate Urea

N=C—S—

Ammonium thiocyanate Thio-urea

As a matter of fact, many of these main forms of chemical

change frequently occur simultaneously . consequently the com-

iDlete change may be a very compleax one.

& 93 Causes of Chemical Change.- Every
chemical compound,

if left to itself, would in all probability remain unaltered retain-

ing its composition and properties for all time. T diffeLnt
composition may be produced by external causes of different

kinds The ability to withstand the action of such agencies is

described as the ‘ stability ’ of a chemical compound. The sta-

bility varies within the widest limits. Compounds are known

in which, the atoms being in a condition of unstable equilibrium,

the slightest change, such as shaking or a touch, suffices to disturb

their arrangement and induce a decomposition ;
whdst in others

the mode of arrangement is so stable that they withstand the

action of the strongest and most powerful agencies.
^ _

The following are the main forces active in effecting chemi-

cal changes
; (1)

mechanical disturbance, (2) heat, (3) light,

(4) electricity, (5) the action of other substances, which action

is usually ascribed to their powers of attraction or affinity.
^

It

ia seldom that one or other of these causes is alone active

;

consequently it is difficult to distinguish and separate their in-

dividual effect. Heat is always concerned in such changes, for

we are unacquainted with any means whereby all the heat may be

withdrawn from a body ;
and, moreover, it is highly improbable

that supposing its particles perfectly motionless, a substance

would still be capable of undergoing a chemical change.

§ 94. Heat as Cause and Effect of Chemical Change.—The

relation between heat and chemical change is a very intimate

one, so that not only is heat productive of chemical changes,_but

as a rule is a consequence of such actions, and is either positive

or negative, according to whether in the change heat is produced

or used up.

The mode of action of heat in producing and favouring
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chemical changes is easily understood
;
since heat consists of a,

rapid movement of particles not only of the molecules but also
of the atoms composing them, it follows, therefore, that with the
acceleration of this motion the atoms move farther and farther
apart, and thus the coherence of the molecules is gradually
loosened, and finally destroyed. It is not essential that the
molecule should be thus broken down into single atoms

;
but

these may, in consequence of the loosening of the already e.xist-
ing bonds, and their altered positions, find opportunities to enter
into new states of combination, producing in this manner com-
pounds more stable at the higher temperature than the original.
In the case of more complex changes in which several substances
take part, heat may, by loosening the bonds of union holding-
the atoms together, facilitate the action, and thus bring about
the change, which might perhaps not have taken place without
the aid of heat.

The mechanical theoiy of heat was at one time supposed to
give a satisfactory explanation of the production of heat in chemi-
cal changes, this heat-production being regarded as due to
the affinity, the force by which the atoms were supposed to be
mutually attracted to one another. Assuming that the atoms
are provided with these forces of attraction, which are only
effective at short distances, then the atoms will obey these forces

so soon as they are brought within the sphere of their mutual
action, and will acquire velocities which will become greater the
stronger the attraction and the smaller the mass to be moved.
When the atoms clash with one another, then their kinetic

energy must either become converted into heat or some other
form of motion, or do work, i.e. move some mass under the
influence of opposing forces. If heat is produced, then this

will be greater in proportion to the strength of the active

affinities, and this heat must therefore offer a very suitable

means of measuring the strength of these affinities. When work
is done, then, as a rule, this work consists in overcoming the

forces of attraction of some other atoms, and consequently the
atoms so held together are expelled. This very plausible theory

was for a long time received as the true explanation, but was
only tenable so long as no reliable method existed for measur-
ing the strength of the affinities. So soon as it was possible ta
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make suck measuremeuts it became evident that the greatest hea -

production is not necessarily associated with the most power-

ful affinities, and therefore the calorific effect is not a suitable

measure of the combining power. Further, it has been mos

clearly shown that the amount of heat produced depends upon

the changes of state in eacji of the reacting substances, and no

upon the reciprocal action of two bodies, and therefore not on

their mutual affinity.
„ ^ . c

Since the early conception of the origin of the heat of com-

bination must be abandoned, there only remains the hypothesis

that this heat has its origin entirely or in part in the motion o

the atoms, which they lose when combination takes place, and

which must be imparted to them when this union is destroyed.

It certainly may be assumed that this heat, at any rate in part,

is the product of the forces of affinity
;
but such an assumption

is at the present time quite useless, and only complicates the

problem unnecessarily

.

Inasmuch as the hope that the heat produced or used up

in chemical changes might be utilised as a measure of affinity

has not been realised, the investigations of these calorific actions

declined in interest, but are now again becoming important, as

the numerous results of observations in this field are studied and

investigated free from and unprejudiced by preconceived notions,

with the object of learning something of the changes in state

which accompany chemical action.

§ 95. Propagation of Chemical Change. Temperature of

Ignition. Explosion.
—

'Whether a chemical change produced at

any given point in a body or a mixture will spread throughout

its mass depends as a rule not only upon the cause of the change,

but also upon the heat produced by the action. For instance,

supposing a mixture of a combustible gas and oxygen be heated

at any given point by an electric spark, or any other means, to

such a degree that the combustion begins, it does not necessarily

follow that the burning will spread throughout the whole of

the mixture. Whether it does so depends upon the amount of

heat produced by the combustion. If this suffices to raise the

immediate layers of combustible material to the temperature

required for its inflammation, i.e. to the ‘ temperature of ignition,’

then these layers are burnt up, and in turn yield heat sufficient
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to Ignite the next stratum, and so on until the whole is consumed. Since, however, in cases of this kind a portion of the
ii eat produced is always given out either by radiation or con-
duction to the surrounding bodies not concerned with the
reaction, it may happen that the progress of the combustion is
interrupted before the entire mass has been attacked. This
will be the less liable to occur the more the heating consequent
upon the reaction exceeds the temperature of ignition. In case
the mixture contains non-combustible bodies, e.g. nitro^ren
t en, as such bodies have their temperatures raised at '’the
e.xpenseoftheheat produced by the combustion, the tempera-
ture IS thereby reduced, and with a considerable admixture of
such bodies the temperature may sink so low that the advance
of the combustion ceases. Every combustible mixture may
therefore be rendered non-inflammable by the admixture of a
sufficient quantity of non-combustible material. If no such
disturbing influences are to hand, and the heat of combustion be
great, then the heating may rise far above the temperature of
ignition. Further, if the products of the combustion are gaseous
or vaporous, then a considerable sudden expansion results, which
may increase until it becomes an explosion.

Something of the same kind takes place in the case of sub-
stances which can be exploded by mechanical disturbance or by
percussion. This property is alone exhibited by substances in
which the atoms are in a state of more or less unstable equi-
librium, from which condition they can pass with production of
heat, or corresponding amount of work, into a more .stable state
of equilibrium. Examples of this class of bodies we have in the
chloiine, bromine, and iodine compounds of nitrogen, in the
organic nitrates and nitro-organic compounds. When such
bodies yield gaseous or vaporous products of decomposition,
and produce much heat, they may also act as explosives.

The liquid chloride of nitrogen, for instance, is decomposed
by very slight causes

;
this decomposition is expressed by the

following equation :

—

XCl3-hNCl3 = N,-f-Cl, + Cl, + Cl3.

This action is attended by a cousiderable heat-production,
and consequent marked expansion of its gaseous products.
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<Tlyceryl nitrate (commonly but ei’roneously described as nitro-

glycerine) C3H5(0N02)3, iu which f, or in reality f, of the

oxygen is combined with the nitrogen, yields gaseous and

vaporous oxidation products of carbon and hydrogen, whilst

the nitrogen is also set free in the gaseous state. This decom-

position can be brought about by percussion or detonation as

well as by heat. If the nitrate be ignited in an open space, it

burns slowly and quietly, for the gaseous products pass freely

away. If the nitrate be enclosed so that this free passage is

prevented, or if it be ignited by a powerful blow^ then the

violent shock and pressure produced will immediately decompose

the particles near those first struck, and thus the decomposition

will spread in the form of an explosion. If the decomposition

does not produce heat or do work sufficient for its extension,

then the reaction ceases.

These explosives are quite analogous to gunpowder, with the

single exception that in the case of gunpowder the combustible

constituents, charcoal and sulphur, are only mechanically mixed

with the nitre, which contains the oxygen, whilst in the former

the oxygen is combined chemically with the other constituents.

§ 96. Dissociation of Gases.—One of the simplest forms of

chemical change, which is in the main produced by heat, is

that which H. Sainte-Claire Oeville styled dissociation. Dis-

sociation is characterised by the decomposition lasting only so

long as the cause is active, the substances returning to the

original state on withdrawal of the cause. Many substances

are found to undergo dissociation; still it is often difficult to

observe and demonstrate the dissociation. More especially is this

the case when very high temperatures are needed to bring about

the decomposition. In many instances the action is associated

with a change in colour, and can be recognised by this
;
thus,

lor example, the colourless vapours of nitrogen peroxide, NjO^,

dissociate into dark brown vapours of NOj. Dissociation is

recognisable in the increase in the number of molecules resulting

from it
;

for, as Avogadro’s Law still holds, the density of the

gas or vapour is also altered. In the case just mentioned, viz.

N20, = N02 + NO 2 ,

the number of molecules, and consequently the volume, is doubled,
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and therefore the density is reduced to one-half. Observations-
have, however, shown that tliis change does not occur suddenly,
but takes place gradually as the temperature rises, so that the-
progress and extent of the dissociation maybe calculated from
the changes in volume and density.

The density of the compound NOg in relation to air is 1-59
therefore that of the non-dissociated compound, NjO^, is twice as
great, viz. 3T8. Mixtures of these two, such as a're produced
by the dissociation, would have densities lying between these
values

j
the more nearly the observed density approaches the

lower value, the more advanced the dissociation. If in 100-
particles, X have been dissociated, and therefore 100— a: are still

unaltered, then we have

100 (N^O,) = (100-®) N20, + 2®N0.,.

Consequently there are now 100-|-® particles instead of 100,
the volume is increased in the proportion of 100 : 100 + ®, and
the density, D, decreased in the inverse proportion, viz. of 100-

+ ® . 100. lo determine ®, the percentage of dissociation, we
have the following proportion :

—

100 -H® : 100 = 3T8 : D

® = 100 X
3T8-D
D

By this formula the percentage of dissociation can be calcu-
lated for every observed density

;
in this way the following values-

have been obtained :

Tcmpemtiire Density
d

Dissociation

X
Increase for

IOC.

per cent. per cent.
26-7° 2-66 19-96
36-4° 2-53 25-65 065
39-8° 2-46 29-23 0*8i

49-6° 2-27 40-04
1-10

60-2° 2-08 62-84
1-21

70-0° 1-92 66-67
1-30

80-6° 1-80 76-61
1'04

90-0° 1-72 84-83
0-88

100-1° 1-68 89 23
0-44

111-3° 1-65 92-67
0-31

121-5° 1-62 96-23 0 35

135-0° 1-60 98-69
0-18

164-0° 1-58 100-00
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The average increase in the dissociation for each degree

centigrade rises until a maximum is reached, when the dissocia-

tion is about half completed, and then it gradually diminishes,

until at 140° C. the dissociation is complete.

One might imagine that the dissociation having once begun,

it must be suddenly translated through the mass so soon as the

temperature required for its commencement has been peached

That this is not the case finds an explanation in the fact that

in consequence of the frequent and irregular collision ol the

particles they do not all retain an equal velocity, and as the

temperature is determiued by this motiou, the particles have

not all the same energy. The particles having the gi-eatest

energy, i.e. those in the most rapid motion, are first dis-

sociated, and those having the least heat-motion will be the

last to dissociate. What we measure as the temperature of a gas

is only the mean or average temperature of all the particles •,

some of the particles may have temperatures differing con-

siderably from this. As great differences are seldom found, but

smaller differences more frequently occur, dissociation will pro-

ceed most rapidly when the mean temperature is the same as the

temperature of dissociation. At this temperature 50 per cent,

of the entire mass is dissociated, and in the case of nitrogen

peroxide this point is reached at 60° C.
^ ^

When the temperature of dissociation is too high to permff

of exact measurements of density, then, in order to make it

evident, other means must be employed. Deville has employed

many ingenious devices for this purpose. For instance, by

diffusion through porous septa he separated the hydrogen from

the oxygen formed by the dissociation of steam at a white heat,

which gases, if not separated at this temperature, would recom-

bine at a somewhat lower temperature. By rapid cooling carbon

monoxide and carbon were separated from the dissociated carbon

dioxide, and chlorine in a similar manner was obtained from

hydrochloric acid gas.

Bunsen has shown from the pressure produced by the ex-

plosion of a mixture of two volumes of hydrogen and one volume

of oxygen that combination ceases as soon as the temperature

has reached about 3000° C., and therefore above this temperature

steam cannot exist, but is resolved into its elements. Whether
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in this decomposition the molecules are resolved into atoms,

thus,

HjO = H + O + H

or whether elementary molecules are formed,

2H,0 = 2H,-f-0,

has not as yet been satisfactorily determined.

On the other hand, it is known that the partial decomposition

of hydrogen iodide into hydrogen and iodine takes place at

440° C., whilst the decomposition of the iodine molecules into

atoms begins at 600°, and that of the hydrogen molecule, if at all,

at much higher temperatures. So it is probable that the dissocia-

tion of hydrogen iodide at 400—500° C. takes place as follows :

—

2H1 = HH-hll.

'fhe compound is, therefore, not resolved into atoms, and the

decomposition is not a case of simple dissociation, but an

instance of a chemical exchange.

§ 97. Dissociation of Liquids and of Solids.—Liquids, both

homogeneous and mixed, undergo dissociation just as gases do
;

but in the case of liquids it is less frequent, and also much more

difficult of demonstration. Still, the colourless liquid nitrogen

peroxide, NjO^, is observed to assume a reddish colour when

warmed
;
showing that even in the liquid state, as is the case

with the gas, it is dissociated into the red compound, having

half the molecular weight and the formula NOj. Liquids, and

many solids also, are frequently dissociated when boiled. Con-

centrated sulphuric acid is not volatile as such, but at 325° is

resolved into the anhydride and water, thus

:

H,SO, = SO3 + H2O

and these compounds on cooling reunite with each other.

This volatilisation is not true boiling, and therefore even

under reduced pressure it takes place only at the same tempera-

ture as under the atmospheric pressure (Mendeffieff). Carbonic

acid, HjCOg, and sulphurous acid, HjSOj, exhibit a similar de-

composition, but at much lower temperatures.
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Chloral hydrate when vaporised decomposes into chloral and

water, thus
. ^ CCI3COH + H^O

and these recombine on cooling. The iodides,^ bromides, and

chlorides of many tertiary alcohols behave in a similar manner
;

thus, amyl iodide yields amylene and hydriodic acid :

Inorganic chlorides, bromides, and iodides exhibit dissociation,

e.g. phosphorus pentachloride

:

PCl5 = PCl3 + Cl2.

Phosphorus pentafluoride is, however, volatile without de-

composition.

The salts of ammonia and of substituted ammonias form a

group of compounds which can only be volatilised by first undei-

going dissociation. Thus ammonium chloride is decomposed into

ammonia and hydrochloric acid :

NH4CI = NH3 + HCI

and tetra-ethyl ammonium iodide is resolved into tri-ethylamine

and ethyl iodide

:

In the case of many liquids it has been observed that the

density of their vapour is much greater at temperatures near

their boiling points than at higher temperatures. Thus, accord-

ing to Cahours, the density of acetic acid vapour at 250° 0. is

2 ‘08, air being the unit, which gives a molecular weight corre-

sponding to the formula C2H,02- "^25° C. the density is found

to be 3-2 in comparison with air. This is generally explained

by assuming that at the lower temperature the vapour consists

in part of particles of greater molecular weight, e.g.

which are dissociated by further heating, as also by reduction of

the pressure on the vapour.

Sulphur, aluminium chloride, and many other substances

behave in a similar manner.
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§ 98 . Dissociation in Solution.—Dissociation may be more fre-

qnently observed in mixed liquids, in solutions, than with homo-
geneous fluids. The occurrence may be evidenced by a change

in colour, as, for instance, when a coloured hydrated salt loses

or changes its colour in consequence of a loss of water (cf. § 78).

Thus the red compound C0CI2 + 6H2O dissolves in water, and

also in dilute spirit, forming a red solution
;
but on warming the

solution becomes blue, either because an anhydrous compound

or one containing less water is produced. On cooling the solution

the red compound is again formed.
,

Ciystallisation may in many cases be used to prove dissocia-

tion, At low temperatures from a solution of sodium sulphate,

Olauber’s salt, Na2SO^ + 10H2O separates out; whilst at 33° C.

the anhydrous salt Na2S04 is deposited. Many other salts

behave in a similar manner.

In the case of double salts and analogous compounds dis-

sociation may be demonstrated, as has been done with gaseous

compounds, by diffusion. For example, if an open vessel fllled

with a solution of alum, KjSO^, AI2, (80^)3 -t 24H2O, be placed

in a larger vessel filled with water and allowed to remain, then,

according to Graham’s observations, in course of time the upper

layers of water are found to contain more potassium sulphate

and less aluminium sulphate than correspond to the composition

of the alum. The two simple salts have, therefore, separated

from each other in the solution
;
the double salt has been dis-

sociated. This separation takes place because the potassium

salt diffuses more rapidly than the aluminium sulphate, and

therefore passes out before the other
;
the separation is conse-

quently only recognised at first, as later on the inequality is

compensated for. Almost all double salts behave in a similar

manner, but their dissociation can only be demonstrated when

the products have different rates of diffusion.

§ 99 . Electrolysis.—Electricity offers a very powerful means

of separating the dissociated products from one another. It has

been known since the end of the last century that when an

electric current is conducted through certain liquids the con-

stituents are separated from one another at the points where the

electricity enters and leaves the liquid. Faraday, to whom we

are indebted for the investigation of the fundamental laws of
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-this phenomenon, styled this kind of decomposition ‘ electrolysis,

i e analysis by electricity. Those substances capable of under-

going this species of decomposition are styled ‘ electrolytes, and

described as ‘conductors of the second class, conducting

electricity only when simultaneously decomposed, and are dis-

tinguished in this way from (1) the ‘ conductors of the first

class’ or ‘metallic conductors,’ which allow the passage ot

electricity without decomposition, (2) from the ‘ non-conductOTS,

or ‘ insulators,’ which do not conduct electricity at all. The

•conductor of the first class, which serves to bring into and cany

away the electricity from the electrolyte, is styled the

‘ electrode ’ (from v oB6s, the way). The electrode situated up-

stream as regards the positive current is called the ‘ anode,’ whilst

that situated down-stream is styled the ‘ cathode.’ Finally, the

•constituent passing up-stream and deposited
^

at the anode is

called the ‘ anion ’ (to avLov), whilst that going down to the

cathode is the ‘cation’ (to Kariov). Both are spoken of as the

For a long time electrolysis was regarded as the result of the

•decomposition of the electrolyte by electrical attraction, until in

1857 Clausius adduced the proof that electricity is not the cause

of the decomposition, but that it can only effect the separation

of the constituents of compounds already decomposed by the

•action of other forces. For if electricity is needed to effect tbe

decomposition of a compound in which the constituents are held

together by the force of affinity, then electrical energy in the

conductor cannot produce the decomposition so long as it

remains weaker than the affinity, and must, therefore, give rise

to a very violent decomposition so soon as its strength somewhat

•exceeds this. Experience, however, shows this not to be the

case, for the smallest force produces a current the intensity of

which increasing in proportion to the force is sufficient to cause

the ‘ ions ’ to collect together at the electrodes, or, as it is techni-

cally described, to produce the ‘polarisation at the electrodes.’

Since, therefore, the smallest electromotive force is sufficient to

produce this effect, no expenditure of force can be needed for the

decomposition of the electrolyte
;
this must have already taken

place, the electrolyte must have been dissociated. This dissocia-

tion must have an origin similar to that spoken of in the
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preceding sections, and have been wrought by the rapid motion

of the particles communicated as heat to the substances.

The recent investigations of Arrhenius have drawn attention

to the fact that electrolytes are exactly those substances whicli,

as already shown in § 78, produce a greater depression in the

freezing point of water than is consistent with the proportion in

the solution of their molecules as represented by the generally

accepted formulae. Thus, whilst in the case of non-electrolytes,

when their molecular weights in grams are dissolved in a

litre of water, giving a so-called ‘ normal solution,’ the freezing

point of water is depressed by— 1'8°C., the haloid salts of the

alkalis, for instance, give twice as great depression, for

NaCl - 3-5°, KOI - 3-3, etc. (v. § 78).

If it be assumed that these salts are entirely or in part dis-

sociated, in the following manner.

NaCl = Na + Cl, KCl = K + Cl

then the depression of the freezing point would appear to be

normal
;

for, as there are twice as many particles present, the

depression of the freezing point must be twice as great as in the

case of substances which are not dissociated.

At first sight it does appear not a little remarkable that the

substances which are supposed to decompose so easily should be

exactly those which are formed by bodies uniting with one

another with considerable energy, and to which consequently

strong mutual affinities are ascribed. A further consideration

shows, however, that these very same substances take part

easily in the most diverse kinds of chemical change, and therefore

their constituents cannot be so firmly and indissolubly attached

to one another. Clausius did not suppose that when, for instance,

common salt is dissociated into sodium and chlorine, the

individual atoms are permanently set at liberty, but rather was

of opinion that reunion and decomposition recur continually,

each atom combining not only with the one with which it was

previously united, but with any others which it may meet in the

throng of atoms. This conception would appear still to be

permissible
;
making clear, as it does, why in a solution of

common salt we find neither free chlorine nor free sodium, so
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long as they are not brought together at the electrodes by the

passage of an electric current.

§ 100. Faraday’s Law.—According to the law discovered by

Faraday, the passage of electricity from one electrode to the

•other, through the electrolytes, takes place in such a way that

for a certain amount of electricity passing through the electro-

lyte a given fixed quantity of each ‘ ion ’ separates out at the

electrodes
;
so that the ions are not only equivalent to one

another, but also the amount of each liberated is proportional to

the quantity of electricity passing through the system. From

this we must conclude that every equivalent weight of the ions

can be charged by a fixed and definite amount of electricity,

which it carries through the electrolyte from one electrode to

the other
;
just as a ship takes up a given load and carries it

across the ocean. The anode charged with positive electricity

gives up positive, the negatively charged cathode an equivalent

quantity of negative electricity. The electrolyte takes up these

charges, but in return discharges an amount of each ion equiva-

lent to the electricity at each electrode, at the anode the

electro-negative anion, e.g. chlorine, and at the cathode the

electro-positive cation, e.g. sodium, is discharged.

The origin of the distinction of the ions as positive and

negative is to be found in the observation mentioned in § 37,

that different substances when brought in contact with one

another become electrically excited, one becoming charged with

positive, the other with negative electricity
;
and the greater the

difference in the chemical characters of the substance, so much

the stronger is the charge
;
and, further, those substances which

by such contact become electro-negative in electrolysis appear

as ‘ anions ’
;
conversely, the electro-positive appear as ‘ cations.

The hypothesis has been advanced that ions united with one

another in compounds are charged in like manner, and retain

their charge even when dissociated. Such a supposition ex-

plains how it comes about that the positively charged anode

should attract the negatively charged anion, and that the

cation should be drawn to the cathode, the electrodes repel-

ling the ions charged similarly to themselves
;
consequently one

receives an impulse in one direction, the other in the opposite

direction. When the attracted ion comes in contact with the

N
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electrode the opposing electricities neutralise one another, and

the ion remains in an unelectrihed state. Now two ions, e.g.

two chlorine atoms, which were previously charged with the

same kind of electricity, and in consequence would repel one

another, may combine to form a molecule of free chlorine, Clj,

and as such appear at the anode.

By this discharge of electricity at the electrodes the liquid

receives at these points an excess of the opposite electricity, that

is, of the same kind as that with which the electrode is charged,

and this moves with the ions through the electrolyte to the other-

electrode. For the transport of the electricity it is not necessary

that the particles repelled by one electrode should reach the

other. This movement takes place simultaneously throughout

the whole of the electrolyte situated between the electrodes, the

cations going always with the current, the anions against the

stream
;
and this takes place in such a way that in every sectional

area of the current there is as much electricity passing in a

given time as through any other similar section, namely, as much

as each electrode gives off or takes up respectively.

§ 101. Eelationship between Conductivity and Dissociation.

—

As the electricity is transferred by the ions, and can only pass,

through the electrolyte by their aid, the undecomposed molecules

taking no part in the transport, it follows that only substances,

capable of dissociation can act as electrolytes
;
and, further, they

must conduct the more readily the more advanced the dissocia-

tion. In fact, Arrhenius has shown by numerous examples that

all electrolytes described in § 79, whose aqueous solutions giv&

an abnormal depression of the freezing point, are therefore

partially or entirely dissociated, and that their conductivity

is proportional to the extent of the dissociation as measured by

the reduction of the freezing point. Those bodies, such as th&

chlorides of the alkali-metals, which give a reduction almost

twice as great as that produced by an equal number of molecules

of non-dissociable substances, are almost completely decomposed

in their dilute solutions, and therefore are good conductors of

electricity. In more concentrated solutions the conductivity

does not increase in proportion to the amount present, but more

slowly, because in such cases the dissociation is not so great. If

the share in the conduction of electricity taken by each molecule
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be calculated by dividing the conductivity, by the number of

equivalent weights (expressed in grams) contained in the unit

volume (I litre), then we obtain a series of quotients which

Kohlrausch has styled the specific molecular conductivity
;

^ and

which increases with increased dilution, and therefore with

increasing dissociation. The conclusions arrived at in § 79 find

a most satisfactory confirmation in this behaviour of electro-

lytes. . . ,

The knowledge of the interdependence of dissociation and

electrolytic conductivity enables one to explain the statement

made by F. Kohlrausch that at the ordinary temperature only

mixtures conduct electricity, the several constituents of which

are, however, non-conductors. Thus, whilst a mixture of water

and hydrochloric acid gas is a good conductor of electricity,

because the hydrochloric acid gas is almost completely .disso-

ciated, still neither pure water nor liquefied hydrochloric acid

gas is a conductor. At a red heat, when the tendency to

decomposition is greater, many homogeneous substances are

electrolytes. __ ...
§ 102. Migration of the Ions.—As the positive electricity is

alone transported by the cations, and the negative by the anions,

and as exactly equal amounts of each are simultaneously deposited

at both electrodes, one might be inclined to think that what holds

true for the different kinds of electricity will also apply to the

ions, and that equal quantities of each ion must pass simultane-

ously through any section of the current. This is, as Hittorf has

shown, not the case
;
nor is it necessary that it should be, for, as

far as the transport of electricity is concerned, it is immaterial

whether a number of positive ions move to one side or an equal

number of negative ions pass to the other side. A deficiency

of one kind may therefore be compensated by an excess of

another. The transference of electricity, however, is proportional

to the sum of the quantities of both the ions deposited
;
the

electrolytic conductivity is also proportional to this amount, which

consequently may be used as a measure of the conductivity.

The ratio of the velocities of the anions and cations may also

be determined. It is only necessary, after the electrolysis has

* Strictly speaking, the addition ‘ molecular ’ is not correct, as the specific

conductivity is given in terms, not of molecular, but of equivalent weights.
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gone on for a little time, to determine, by an analysis ofthose por-

tions of the liquid surrounding the electrodes, what quantities

of each ion have passed through the central and still unaltered

portion of the liquid. Hittorf has made a large series of such

determinations, and found that the migration of the ions, as he

styles it, takes place with very unequal velocities. If the anion

and cation were to move at equal rates, then for every single

equivalent weight of each deposited at the electrodes one half

of this amount of each must during this time pass through the

intermediate layers of the electrolyte; for by the complete

symmetry of the operation one half of the positive electricity

released at the cathode is provided by the positive ions, coming

from the side of the anode
;
the other half is thus free, so that

the negative ions may pass from the cathodes towards the

anode. This, according to Hittorf ’s investigations, happens in

some cases, for example, in a moderately dilute solution of

potassium chloride, in which for every equivalent of potassium,

K= 39’03, deposited at the cathode, and every equivalent of

chlorine, 01= 35-37, deposited at the anode, and giving up their

charge of electricity, the half of each of these quantities passes

from one half of the solution to the other. If now we take the

case in which, for instance, the cation of an electrolyte is entirely

or almost completely immovable, electrolytic conduction and

decomposition may still take place
;
in such a case, however, the

transport of electricity is effected by the anion entirely, of which,

therefore, an entire equivalent must pass from the side of the

cathode to the anode, so that a loss of anion takes place in the

portion of the liquid surrounding the cathode, and the loss in

that portion surrounding the anode produced by the deposition

of the anion is completely compensated for by this migration.

Moreover, as one equivalent of the cation is deposited at the

cathode, it is evident that the entire expenditure is borne by

that portion of the electrolyte surrounding the cathode. At this

point the liquid must become very much diluted, whilst in other

parts the concentration will remain unaltered. Such an extreme

case has certainly never been observed
;
but all those hitherto

investigated lie between this and the first case considered.

The number expressing the fraction of an equivalent of an ion

transferred from one electrode to the other in the time during
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.hich an equivalent of each is libeiated at the electrodes Ihttorf

has styled the ‘transport numbei, and represente it by n.

For linple, from a elution of 1 part of crystalhsed copper

sulphate, 0nS0.+5H,0. whilst 0 2955 gram of »PP“ “

deiwsited on the cathode, 0-0843 gram only passes *™ugh the

inJermediate and unaltered layers of the liquid from the side ol

the anode to the cathode. In this instance, then, we have

copper equal to 0 '28o.

^ Qg^g

0-2955
= 0-285.

Instead of half an equivalent of the metal passing through

the unaltered section of the current., little more than a quarter

passes This portion of the electrolyte does not contain the

iree ions but simply the neutral salt, proving that the ions

exist in equivalent proportions ;
it therefore follows that the

quantity of the anion passing against the current has propor-

tionately increased—in fact, 0-715 equivalent of SO,, thus

1—71 = 1-0-285 = 0-715 equivalent SO,.

The sum of the transport numbers of the two ions is

always equal to unity. They are not quite invariable, but vary

somewhat with the concentration, and in some cases considerably.

For instance, in the case of potassium bromide, the ‘ trans-

port number ’ for bromine changes. For a solution of 1 part of the

salt in 2-36 parts of water it is 0-493, in 116-5 parts of water

it is 0-546 The transport number of the potassium falls in a

corresponding manner from 0-507 to 0-454. In the more

dilute solutions the velocity of the bromine compared to that o

the potassium is somewhat increased.

§ 103. Velocities of the Ions.—By the aid of these numbers and

the determinations of the conductivity of solutions, F. Kohlrausch

has calculated the velocities of the single ions. The electrical

conductivity of a body depends not only on its material com-

position, but also on its dimensions and the temperature. Ac-

cording to Ohm’s Law it is proportional to the sectional area,

and inversely proportional to the length of the conductor
;
in

electrolytic conduction it rises with increased temperature, but

decreases with rise in temperature in case of metallic conduc-

tion. By maintaining the temperature and dimensions constant,
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in other words, by comparing conductors of exactly the same
form at the same temperature, and in the case of liquids using
vessels of exactly the same width and length, results are obtained
which enable us to fix the relation between the conductivity ofthe
electrolyte and the quality and quantity of its constituents.

As pure water does not conduct, the conducting power of an
aqueous solution depends chiefly upon the nature and amount
of the substance dissolved in it, and in fact is determined, not
by the total amount dissolved, but only by the portion dissociated

(c/. § 101). If the specific molecular conductivity of such a

solution be calculated, a number is obtained which is depen-
dent not only on the number of molecules dissolved but also

upon the extent of their dissociation. Since this dissociation

is complete only when the dilution is infinitely great, only

such diluted solutions should be used for comparison, which is

by no means easily done. These difficulties may be avoided

by comparing only solutions which contain in a given volume
not only an equal number of molecules, but contain these

in a similar state of dissociation. If this be at least approxi-

mately the case, and both contain an equal number of ions in

a given volume, the differences in the specific conductivity

can only be due to the difference in the mobility of the ions,

and may, therefore, serve to determine this.

The specific conductivity X, can be represented as the sum
of two values, one u proportional to the velocity of the cation,

the other v proportional to that of the anion
;
thus

X = % V,

But as the proportion of both these parts is given by the

transport numbers, we have

u : V : ; 1—n :

n

n representing the transport number of the anion. Two equa-

tions are thus obtained for the determination of the unknown
u and V, viz.

u = (1 —n) V = n .

Calculating by the aid of this expression the velocity of one
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tlie same ion from the conductivity of its different com-

^
A results are obtained, as has been shown by

KoUi'IuSSh so long as salts of monobasic acids only are com-

trefwith’ one another. The following table contains the

velocities of ions calculated by Kohlrausch and expressed m

terms of an arbitrary standard, in which A is measured in term

of the ten-millionth part of the conductivity of mercury,

latter is set down as 10^

H =

Li =

Na =

K:
NH,^
Ag:
pig
ICa
iSr
i“Ba
-1 Cu
I Zn

= 1

= 7

= 23-0

= 390
= 18-01

= 107-66

= 12-16

= 19-95

= 43-66

= 68-46

= 31-69

= 32-65

272
24
32
62
50
40
26
26

28
30
29
24

OH = 16-96

F = 19-06

Cl= 35-37

Br = 79-76

1 = 126-64

CN = 26-98

N03 = 61-89

C103 = 83-26

Co Hj 02=68-86

143
30
54

53
65
60
48
42
26

If these velocities are expressed in absolute terms, it is then

seen that they are very small even under the influence of

a strong electromotive force, and the particles move in a second

through a few hundredths or a tenth of a millimetre, and conse-

•quentfy at a snail-like speed. It is evident that they meet with

•considerable opposition to their movement.

S 104 Eelation between Electrolytic Conduction and Diffusion.

-The intimate relationship between electrolytic conduction

and the motion of the particles is shown also in the fact that

those movements which take place independently of electri-

city exhibit corresponding variation. J- H. Long has proved

experimentally that the velocities with which different salts of

analogous composition diffuse into water stand to one another

in approximately the same relation as their electrolytic conduc-

tivities so that the compounds which diffuse the most easily are

the best conductors. This statement is not absolutely true, but

holds only for certain groups of compounds of similar composition,

because in different groups the extent of the dissociation is

different, and undecomposed molecules diffuse with velocities

other than those of the ions.
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That many salts are in reality resolved into their ions and
do not, or only in part, diffuse undecomposed, is also shown by
Long s observations

5
for the comparison ofcompounds containing"

the same anion—for example, the chlorides—has shown that the
rate of diffusion is inversely proportional to the transport number
of the anion

;
but the comparison of salts with the same cation

for example, the potassium salts—has demonstrated the rate of
diffusion to be directly proportional to the transport number of
the anion. This practically amounts to saying that, if two salts

have the same ion in common, then the salt with the more mobile
second ion is the more easily diffusible. The rate of diffusion would
therefore appear to be the sum of the velocities of the ions.

§ 105. The Function of the Ions in the Production of Electric

Currents.—The near relationship between the electrolytic ions

and the movement of electricity is seen also in the fact that

electric currents are produced by the contact of unequally
concentrated solutions of electrolytes simultaneously with tho
diffusion tending to compensate for the inequality in concentra-

tion. The intensity of the currents can be shown, both experi-

mentally and theoretically, to be related to the velocities of the

ions.

The electric currents produced ordinarily by contact of two-

or more metals with one another or with one or more electrolytes

appear to owe their origin to the free and mobile ions set at

liberty by dissociation. The chemical affinity of the metals for

the anions exercises an attraction on these. By the deposition

of the anions on the metal and the giving up of their negative

electricity the metal becomes so charged with electricity that the

further approximation of the anions is' prevented. The strength-

of this charge of negative electricity is greater the gi'eater the

affinity of the metal for the anion. For instance, if two metals,

like copper and zinc, are immersed in a liquid, then the metal,,

in this case zinc, possessing the stronger affinity will be charged

more strongly with negative electricity than the other, viz. the-

copper. If the two metals are united by a metallic conductor,

then the more strongly charged zinc will give up its negative-

electricity to the copper, and in return receive a charge of positive

from the copper. Thus the equilibrium at the points of contact

of the two metals and the electrolyte is disturbed
;
in consequence
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of the reduced negative charge of the zinc, more anion is attracted,

and the increased negative charge of the copper induces a

repulsion of the anion; and cations are attracted by reason of

their positive charge. In addition, at the point of contact of

both Ltals there is a separation of electricity to the

charge produced by the ions. Equilibrium cannot be established

so long as both the metals are in contact with each other and

the electrolyte. But as the ions collect more and more on the

metals and cover them, the negative anion on one, and the positive

cation on the other, the ions take the place of the metal and thus,

reverse the action completely ;
for the positive cation attracts

the anion, and the reverse. This separation of the ions which

produces a current opposed to the original is styled ‘ electric

polarisation.’

In order, therefore, to produce a constant current the separa-

tion of the ions at the electrodes must be prevented, or in other

ways made innocuous, which end can be attained by suitable

choice of the electrolyte. In this way constant electric batteries

can be produced. Daniell’s battery is one of the oldest of this

kind, and consists of a plate of copper surrounded by a solution

of copper sulphate, CuSO„ and a plate of zinc immersed in

dilute sulphuric acid, and separated from the copper by a porous

cell. The zinc attracts to itself the anion, SO^, and repels the

cation, H2, and is charged with negative electricity, which passes

over to the copper on which the positive cation, Cu, collects ^

whilst if the copper and zinc were not in contact the copper would

also be surrounded with the anion, SO^. The precipitate ofcopper

on the copper plate leaves the latter unchanged
;
the zinc remains

unaltered, because by combining with the anion, SO.,, zinc

sulphate, ZnSO„ is formed which dissolves in the water.

The combination remains, therefore, almost entirely un-

changed so long as zinc, acid, and copper sulphate are present.

According to this conception, put forth recently by L.

Sohncke, and developed uniformly by the use of the older repre-

sentations, the source of the electric current, respecting which

there has been so much discussion, is to be sought neither in the

contact of the metals nor in the chemical action of the metals,

but in the dissociated state of one or other of the electrolytes in

contact with the metals. The observation made by F . Kohlrausch^
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that simple umnixed liquids are not as a rule electrolytes, and
are therefore incapable of developing a current unless in the
fused state and at high temperatures, fully confirms this view.

Dissociation produced either by mixing with other liquids or

by the application of heat is therefore essential to the action of

electrolytes.

That in aqueous solutions hydrogen chloride exists to a large

extent in a state of dissociation {cf. § 109) can be demonstrated

by the depression of the freezing point (cf. § 78). Still, the mode
ef dissociation cannot in this case be detei'mined

;
for by the

electrolysis of concentrated solutions hydrogen and chlorine are

the ions, whilst from dilute solutions hydrogen and oxygen are

formed. It would hence appear probable that in the first case

the hydrogen chloride is decomposed into hydrogen and chlorine,

and in the second case the solution contains the compound
HCI +H 2

O, orHgClO, the existence of which Thomsen assumes,

and this is resolved into Hg and HCIO, the latter yielding

oxygen, 0, and hydrochloric acid, HCl, at the anode.

§ 106. Dissociation a Condition Preparatory to Chemical

Change.—In the majority of cases it would appear that dissocia-

tion must precede chemical change; for those electrolytes which

are most easily dissociated belong to the class of substances

distinguished by their ability to take part in chemical actions.

This ability ceases so soon as the possibility of this dissociation

taking place is removed. Anhydrous hydrogen chloride, lique-

fied by pressure and cold, does not attack the metals, which are

easily dissolved by the aqueous solutions.

This extremely interesting and remarkable phenomenon

becomes perfectly clear in the light of the hypothesis that pure

hydrogen chloride cannot be dissociated and remain so, because

each of the separated ions must come in contact with others

and be fixed by these, whilst in the aqueous solutions they would

both be separated by the water, and remain apart for a short

time.

The behaviour of many elements is very remarkable accord-

ing as they exist in compounds which are electrolytes or non-

conductors, i.e. in compounds which do not undergo dissociation.

Thus, for instance, chlorine, bromine, and iodine are separated

from their compounds by solutions of silver salts only when the
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compounds are such as easily dissociate, and these elements form

the ions The majority of organic compounds containing these

halogens are either incapable of being dissociated or dissociate

^t high temperatures only, and then only in some cases is the

dissociation such that the halogens chlorine, and

iodine appear as ions. In complete agreement with these facts,

the chlorine, bromine, and iodine of such compounds either do

not react at all ivith silver nitrate or only slightly
;
many other

<;ompounds of these and other elements behave in a similar

manner. The chlorine of chlorates and perchlorates in which

the metals are the cations and the radicals CIO3 and 010^ the

anions, does not in solution give any silver chloride, but forms first

silver chlorate and perchlorate, from which the chloride can be

produced by their decomposition. The sulphates with the anion

SO in the ordinary course of things give rise to sulphates with

the' same ‘ anion,’ and many other salts and similar compounds

behave in the same way. The compounds may decompose in

other ways if the manner of the dissociation, and consequently

the nature of the ions, be changed by heat or by the action of

other bodies.

If by the study of a series of compounds capable of under-

going dissociation the ions contained in them are known with

any degree of certainty, the majority of the reactions of these

compounds may be predicted, for the combinations and changes

always result from the union of the ions with those of the other

active bodies. These facts afford an explanation of the principle

known as the ‘conservation of the type’—a rule which has been

recognised for a considerable length of time, and which states

that the bodies produced in any given reaction belong to the

same types as those from which they are formed ;
in other words,

they represent compounds analogous to those from which they

are produced. An acid and a salt yield usually by their mutual

reaction a salt and an acid, thus

;

H i
Cl -H Ag iNOg = Ag : Cl + H ; NO3.

A sulphate and a nitrate act upon one another to form by

exchange of metals another sulphate and nitrate :

KjiSO^ + Ba; 2N03 = Ba!S0^ + 2KjN03
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Again, a hydroxide and a salt form another salt and hydroxide r

Ba
;
(OH), + Mg

:
(NO,), = Mg

i (0 H), + Ba ! 2N0„

and so on. Changes of this kind take place in all probability

even when the final result is different from what this rule would
lead one to expect

;
the instability of one or other of the com-

pounds formed may lead to the formation of new substances..

Thus copper iodide should be formed by the action of potassium

iodide on copper sulphate :

2K i I + Cu
I

SO, =
i
SO, + Cu

1

1^.

But cuprous iodide and iodine are formed by reason of the

instability of cupric iodide :

2Cu
j

Ig = Cu2 1 Ij + l2-

The action of potassium hydroxide on silver nitrate affords another

example of a similar kind; the product should be silver hydroxide

and potassium nitrate :

K i OH + Ag
I
NO3 = K i

NO3 + Ag
i
OH

but the silver hydroxide dissociates into silver oxide and water,,

thus

:

2Ag OH = Agj : 0 + HOH.

Numerous other examples might be given in which the ‘type
’

is not maintained.

For the commencement of the reaction it would appear to

be sufficient if one of the reacting substances is capable of dis-

sociation, although the other is entirely incapable of being

dissociated. Thus benzene and many other hydrocarbons do-

not undergo dissociation at the ordinary temperature
;
yet when

brought in contact with nitric acid, which is easily dissociated,,

the ions of the acid act energetically and the hydrocarbon is.

nitrated, thus

:

CgHg + HOjNO^ = C3H3NO2 + HOH
Benzene Nitric acid Nitrobenzene Water
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When neither of the substances dissociate, then as a rule no

reaction takes place, or a rise in temperature is needed to start

the reaction, which aids or simply induces dissociation.
^

Free oxy°-en, O.^, does not appear to be easily dissociated,

for the oxidation of most bodies by its aid can only be effected

at high temperatures. It is, however, dissociated by electricity

and ozone produced, which probably has the formula O
3 ,
and

which itself is extremely easily dissociated, and, as is well

known, acts as a powerful oxidising agent.

It is very remarkable that many substances, such as phos-

phorus, are less easily oxidised by pure oxygen than^ by air, in

which it is mixed with a considerable proportion of nitrogen, or

even by oxygen diluted by reduction of pressure. As phosphorus

when slowly oxidised is luminous in the dark, these facts may

be easily observed.

In pure oxygen at 20° C. and under a pressure of 760 mm.

no light is given out; the phosphorus becomes gradually

luminous as the pressure is reduced, and is very distinctly so

when the pressure has fallen to 150 mm., or to about } of an

atmosphere. This remarkable phenomenon is probably in part

due to the fact that the dissociation of the oxygen particles is

favoured by the dilution.

§ 107. Rates of Chemical Change.—Every chemical action

requires a certain length of time for its completion. The time

required is, however, very different, varying with the nature of

the reacting substances, with their amounts, and the conditions

under which they are brought in contact. This subject has

hitherto been thoroughly investigated only in comparatively few

•cases. In most cases the conditions are so complex that it is

difficult to separate and estimate their various influences.

Numerous observations show, however, that the rapidity of

a chemical action is influenced by the quality, the quantity,

the mass of the reacting bodies
;
also by their state of aggi-e-

gation, as well as that of the products
;
further, by temperature

and pressure, and by the presence of bodies taking no active

part in the action, such as solvents and diluents, &c. The

influence of mass, solubility, and volatility was submitted to a

thorough investigation by Claude Louis Berthollet more than a

hundred years ago
;
but only in recent years have his endeavours
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obtained their just recognition, and the work been resumed and
extended by the aid of more modern methods.

§ 108. Simple Decomposition.—The simplest case is that in

which, with several active substances present, one only of these

undergoes a change. Such a case we have in the inversion of'

cane sugar under the influence of a dilute acid,’ whereby it is

converted into a mixture of dextrose (grape sugar) and levulose

(fruit sugar), which rotates the plane of polarised light in the

opposite direction to that in which it is rotated by cane-sugar

solutions. This decomposition, represented by the equation

+ H,0 = C,H„0. +
Cane sugar Grape sugar Fruit sugar

has been carefully investigated by Wilhelmy, and more recently

by Ostwald. If a given quantity of sugar dissolved in water be

mixed with a deflnite amount of an acid, capable of producing

the inversion, then in every interval of time an amount of the

sugar is inverted which is proportional to the amount of sugar

still remaining unchanged. If A be the quantity of sugar

originally present, and x the quantity of sugar inverted during

the time, i, of mixing, then the amount dx inverted in the

infinitely short interval of time dt is proportional, the amount

(A — a;)
remaining unaltered. In this manner we obtain the

differential equation :

= K
.
(A- »), = K.dt

dt
^ A-®

in which K represents a constant, or in this case at least an

invariable quantity. By integration the following expression is

obtained for the amount x inverted in the time t

— log
g
(A — a:) = K . < + constant.

Beckoning t from the moment of mixing, when t = o, so

also X becomes o
;
consequently the integration constant is

—
- log

g
A = const.

‘ We may neglect the part played by the water in this reaction, as also-

that of the acid, the proportion of which remains unchanged.
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an cl from these we have

A — »
-= e

K .t

1 .
—K ix

x = K{l ^

e

in which e represents the base of natural system of logarithms,

viz. e = 2’71828. •it,
The general correctness of these equations has been proved

to such an extent, that the quantity
„A—

»

culated from the value of a;, determined experimentally, and

divided by the corresponding values of t. The values of

have thus been found to be constant, as is required by theory.

The quantity of sugar, therefore, inverted every moment is pro-

portional to the amount of unaltered sugar present
;
and of this

equal portions are always inverted in the same time.

The invariable quantity K is not absolutely constant, but

varies with the nature as well as the amount of the acid used for

inversion, and also with the proportion of sugar contained in a

given volume of the solution, consequently with the concentra-

tion of the solution. An alteration in the mass of the acid is of

much greater influence than a change in the quantity of the

sugar. According to Ostwald’s experiments, by increasing the

sugar to ten times the amount whilst the hydrochloric acid

remains constant, the value of K is only increased by half its

original value. The increase in the proportion of acid, with the

sugar remaining constant, produces a different effect, according

to whether the acid is strong and easily dissociated, or weak and

one which does not easily dissociate.

With the strong acids, such as nitric, hydrochloric, and

hydrobromic acids, the inversion is approximately proportional

to the acid, but decreases with the dilution to a somewhat

greater extent than would correspond to the amount of the

dilution. In the case of the weaker organic acids—formic,

acetic, propionic, butyric, and succinic acids—the inversion takes
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place more slowly than the increase in the dilution warrants
;
so

that without doubt the more dilute acids have a stronger action,

because they are more completely dissociated.

Many other reactions take place in accordance with

Wilhelmy’s formula, the amount decomposed at each interval of

time being proportional to that which still remains unaltered.

This, according to Harcourt and Esson, is the case in the reduc-

tion of permanganic acid by a large excess of oxalic acid, and

also in the reduction of hydrogen peroxide by hydriodic acid.

According to Ostwald, the so-called saponification of ethereal

salts soluble in water, such as methyl acetate by dilute acids,

follows this law also; this reaction is no doubt analogous to

the inversion of sugar, for the ethereal salt by the assimilation

of water is resolved into alcohol and acid. According to Van’t

Hoff the replacement of chlorine or bromine in organic com-

pounds by hydroxyl (OH) with or without subsequent splitting

off of water affords another instance to which this logarithmic

formula may be applied
;
many other reactions also might be cited.

§ 109. Double Decomposition.—The case is somewhat less

simple when two substances are simultaneously changed.

Stiuctly speaking, this is the case in some of the reactions dis-

cussed in the foregoing section, inasmuch as water takes part

in the change. Its influence is not perceived, because, for

example, in the inversion of sugar the amount of water assimi-

lated scarcely alters the large excess of water present. Similarly,

in the reduction of permanganic acid and of hydrogen peroxide

by BO large an excess of the reducing agent, the changes in the

amounts of these do not come into consideration.

If in any reaction the two active substances are in solution,

their masses are then most conveniently calculated in equiva-

lent weights, i.e. according to the number of these proportions

which react with one another. If A be the number of equivalents

of one substance, and B that of the other, and x the number of

equivalents of each decomposed in the time t, then, assuming

the change is always proportional to the reacting mass, the re-

action would be represented by the following diflerential

equation :

—

dt̂
=K (B-x)
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For equivalont amounts of both substances, that is, when

A= B, the equation assumes the form

dx

{A—xy
= K .dt]

and when integrated, with t— o and x= o, the following expres-

sion is obtained

:

—

A— £C

According to this expression the relation of the amount of

the decomposed to the amount of the unaltered substances is

variable with, and proportional to the time. For a long time no

single case had been observed which corresponded to this rule,

until it was shown by Hood to apply in the oxidation of ferrous

sulphate by chloric acid. The amounts of these substances

equivalent to one another in this case are IHCIO
3
and GFeSO^.

Instead ofusing these substances, IKCIO^ and GFeSO^ were mixed

together with dilute sulphuric acid, and the proportion of unoxi-

dised iron was determined by the titration from time to time of a

sample taken from the mixture. The results are in accord with

the above equation. It has been also shown by R.Warder that the

saponification of ethyl acetate by an aqueous solution of caustic soda

proceeds in a manner confirmatory ofthis law
,
andVan t Hoffand

Schwab have shown the same to be the case with the conversion by

caustic soda ofmonochloracetic acid into glycollic acid, and accord-

ing to Ostwald the decomposition of acetamide by dilute acids into

ammonium salts and acetic acid proceeds in a similar manner.

If A and B are different the integration of the above equa-

tion yields the following expression :

—

or by introducing the proportion of A to B

A : B = 1 :

we obtain

A --
log , n — A{n— 1) . K . f.

A — x

o
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This equation has also been confirmed by a certain number of

observations.

It must, however, be confessed that the number of quan-

titive observations hitherto made to test the theory is altogether

out of proportion to the innumerable chemical investigations

undertaken in this century, despite the desirability and necessity

for such observations.

§110. Reversible Eeactions.—Remarkable relationships are

observed when the products of a reaction so react upon one

another as to form again the original substances, and thus re-

produce the condition from which they started. This is the case

when two or more electrolytes in solution react, and their ions

combine in such a way as to produce all the several possible

combinations. The simplest of all such cases is that when the

substances produced by the combination of the ions are neither

insoluble in the solvent used, nor volatile, and consequently

neither separate out in the solid nor in the gaseous state.

When this possibility is excluded, and all remain in solution, the

reaction then proceeds according to the law discovered by

Guldberg and Waage, which is but the corrected form of the

law proposed about a century ago by C. L. Berthollet. This

is usually described as the * Law of the Action of Mass.

This law comes into play when, for instance, an acid is

brought into a solution of another salt
;
when alcohol is added

to an acid or an ethereal salt treated with water. In the first

case the free acid decomposes a portion of the salt, so that the

solution contains both the free acids and salts of each of

them
;
for instance, if hydrochloric acid be added to a not too

concentrated solution of nitre the solution will then contain, not

only unaltered potassium nitrate, but also potassium chloride,

free nitric and free hydrochloric acids. In fact, for the ultimate

division of the constituents it does not matter whether the

nitrate has been treated with hydrochloric acid or the chloride

decomposed with nitric acid, provided only that in both cases

the proportions of all substances concerned are the same.

In the second instance the acid and alcohol produce an

ethereal salt and water, which in turn give rise to the alcohol

and acid
;
and here, also, if sufficient time elapses, the final

condition in which all four substances are present is the same.
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whetlier we start with one or the other set of combinations. K,

for example, acetic acid and alcohol are mixed in the proportion

of their molecular weights, then, according to Berthelot and

Pean de St. Gilles, they react upon one another in accordance

with the following equation :

(C2H30)0H + (C2H3)0H = (C2H3O) 0 (C2 H5) + HOH
Acetic Acid Alcohol Ethyl Acetate Water

forming ethyl acetate and water until two-thirds of the whole

mass is decomposed in this manner. On the other hand, when

the ether and water are mixed in molecular proportions, the

reverse reaction proceeds until one-third is converted into alcohol

and acid. Consequently, in the final condition, whether this be

reached from one side or the other, the mixture contains one

molecular proportion of alcohol and of acid for every two mole-

cular proportions of ether and of water, so that the condition of

•equilibrium in the mixture is represented as follows :

—

(C
2
H

3
O) OH + (C,H

3>oh + 2 (C2
H

3
O) 0 (C^H^) + 2HOH.

This condition of equilibrium is not to be looked upon as

a state of rest, in which, when once reached, no further reaction

takes place, but is to be regarded rather as a state in which

just as many particles react in one way as there are particles

reacting in the opposite, the two opposing reactions maintaining

the equilibrium.

A simple consideration shows that each of these reactions

will take place the more frequently the larger the number of

particles of the active bodies present. Since the particles must

come in contact with each other in order that they may com-

bine or react, it is apparent that the space in which they are

confined must be of influence
;

for, indeed, generally speaking,

the reaction will be the more complete the larger the number

•of particles contained in a given space in the unit of volume.

Yet, again, it is to be remembered that every particle present

is not to be looked upon as taking part in the action. The

number of such active particles present is dependent upon the

•degree of dissociation, which, as has been already shown, usually

changes with the dilution of a solution, and, as a rule, the
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extent of the dissociation increases with the increase of the

dilution. If, however, the dissociation, and consequently the

chemical activity, be so far advanced that any further altera-

tion in the concentration no longer exercises any great in-

fluence, the change is then almost proportional to the masses

of the active bodies present in the unit volume
;

for example, in

a litre.

Guldberg and Waage’s theory of the action of mass is based

upon this supposition, the truth of which has been confirmed

by numerous observations.

§ 111. Guldberg and Waage’s Theory of the Action of Mass.

—Let A and B' represent two bodies which interact according

to the equation

A-hB' = A'q-B;

and let the reaction be reversible,

A'-pB=:A-f-B';

then, if the two bodies A and B' are brought together, both

reactions will go on concurrently until a state of equilibrium

ensues, in which the two opposite reactions take place to the

same extent.

Let p, p', and q' denote the number of particles which

are present in this state
;
then

p . A -p p' . A' -H (? . B + 2
'

. B'

will represent the composition of the mixture in the state of

equilibrium. Assuming that the action is proportional to the

mass, the change represented by the first equation is propor-

tional to the number of particles A and B', and is consequently

proportional to the product p . q'

,

and the reverse reaction

represented by the second equation is proportional to p'
. q.

The action in the unit of time is expressed by the fomiulm

K .p .
q' and K' .

p'
. g ;

K and K' being factors which depend

on the nature of the bodies and on external conditions such as

temperature, but they remain constant so long as these con-

ditions are unchanged. The state of equilibrium in which the

reaction takes place to the same extent in one direction as it

does in the reverse is represented by the equation
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or

K.p.q' = K'
.
p'

p'_K
2 2

in which ~ is replaced by the symbol x^.
If the values

^
and

i are termed quotients of decomposition, then the law may be

Expressed in the following words : In the state of equilibrium

the quotients of decomposition bear a fixed relation to each other

For example, let A and B be acids and A'^ and B salts of

these acids; then the quotients of decomposition indicate for

each acid the ratio the non-neutralised bears to the amount of

neutralised acid. When the constant is once determmed

this ratio can be calculated for any given case.
^

S 112. Experimental Proof of Guldberg and Waage s Law by

Etherification.—Different methods have been proposed for de-

termining the constant of affinity, x"-
I* can be easily deter-

mined in the process of the formation of an ethereal salt from

nn acid and alcohol. If R is an alcoholic radical and b an

^icid radical, the formation of an ethereal salt is represented by

the equation

ROH -1- SOH = ROS -h HOH,

and the state of equilibrium by

p ROH + q' SOH +p' ROS + 2 HOH

;

P ^2

If P molecular weights of alcohol and Q molecular weights

of acid are used, and the amount of free acid q' in the state of

equilibrium is determined by titration, then x" and the co-

efficients p, p', and 2 can be determined by means of the follow-

ing equation :

—

P=p-Pp'; Q = 2+ 2'i ^^~^Tq'‘

If only acid and alcohol are mixed together without the

addition of ethereal salt or water, j/= 2*
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For the sake of simplicity let P = Q= 1 ;
then

p = i-/= 1-2 = 2';

In this case if II = C2
H^O and S = C.^HjO the result of

experiment for acetic acid and ethyl alcohol is that q'— ^.

It therefore follows that = 4 and the state of equilibrium

is represented by IROH + ISOH + 2ROS + 2HOH. That is to

say, if we take equivalent quantities of alcohol and acetic

acid, two-thirds will interact to form ethyl acetate and water

and one-third will remain unaltered.

After determining the value of in this way, the validity

of the theory can be tested by taking any other values for P
and Q and determining the quantity q' of free acid and com-

paring the experimental result with the value calculated by

means of the factor = 4. The agreement between the ex-

perimental and calculated results has been found to be most satis-

factory, even when certain quantities of water and ethereal salt

were added, provided that the water was not added in suffi-

cient quantity to cause the liquid to separate out into two-

layers.

In this case the value of is not greatly influenced by

temperature, and it varies within rather narrow limits for

different organic acids and alcohols, possessing analogous atomic

linking. According to Menschutkin, in the case of the action

of the fatty acids, C„H
2„0 ,, on isobutyl alcohol, increases,

with the molecular weight of the acid
;

when n = 1

(formic acid) and = 5'9 when w = 8 (caprylic acid). In

spite of this rather large difference in the constants, the

difference in the quantity of undecomposed acids is not very

large.

For instance, when P = Q = 1 the following results are-

obtained :

—

Formic Acid

'

q' =p
0-358

2 =P'
0-642

%'

3-22
%
1-79

Acetic Acid .
0-326 0-674 4-28 2-07

Propionic Acid . C3H,02 0-313 0-687 4-82 2-20

’ At 100° C., the other acids at 164°.
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Butyric Acid .

Caproic Acid

.

Caprylic Acid

CeHi.O,

CsH.eO,

i = p 2 =i?' X
5-19 2-28

5-34 2-31

5-94 2-44

0-305

0-302

0-291

0-695

0-698

0-709

The state ofequilibrium is slightly Mereut for

this is seen under v iu.the preceding table, which contams the

nuX of equivalents -of acid etherified for each equivalen of

unaltered acid (assuming that the acid and alcohol were present

have investigated the changes which take place when two acids

act upon one base, which is not present in sufficient

neutralise them both, or when two bases act on one

similar conditions. The constant x which determines the ratio

between the amounts of the two acids neutralised ’’y

Thomsen the avidity of the acid, its striving for neutralisation,

but Ostwald calls it affinity.

In order to investigate the reaction Thomsen made use ol

the liberation or absoiption of heat accompanying the reaction,

and Ostwald made use of the changes in volume ““Sity

which accompany the change. Both chemists agree that the

reaction is very rarely complete.
_

If one equivalent of soda (NaOH = 39-96, or in roun

numbers 40 parts by weight) in dilute solution is exact y

neutralised by the equivalent quantity of sulphuric or nitric

acid (4H„SO, = 48-91, or in whole numbers 49 parts by weig

and HNO3
= 62-89, or 63 in round numbers) more heat will be

produced in the first than in the second case.

With sulphuric acid

„ nitric acid

15689 cals.

13617 cals.

1 1 • 4-1

A caloric, or thermal unit, is the amount of heat required

to raise the temperature of the unit weight of liquid water

|0 Q
It is a general law in the mechanical theory of heat that the

amount of heat evolved or absorbed depends only on the initial
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and final state of a system, and not on the order in which the
change takes place.

The heat evolved is consequently the same when sulphuric

acid and soda unite together, directly forming sodium sulphate,

thus :

—

(1) 2NaOHi-H2SO, =Na2S0, + 2H20

and when sodium nitrate is first formed, and afterwards con-

verted into sulphate :

—

(2a) 2NaOH + 2HNO3 = 2NaN03 +
(2b) 2NaN03 + H2S0, = Na2S0, + 2HN03

It is assumed that the nitric acid in (2b) assumes the state

in which it first occurred.

Reaction (1) yields 15689“ for each INaOH, but (2a) only

yields 13617“
;
therefore (25) must yield the difi'erence 2072“ for

each equivalent of NaOH taking part in the reaction.

On the other hand, if the sulphate could be completely de-

composed by the nitric acid, the reaction

Na2S0, + 2HN03 = 2NaN03 + H2S0,

would yield— 2072“, i.e. as much heat would be absorbed as is

evolved in the opposite reaction.

Thomsen found that when an equivalent of sodium nitrate

(NaN03) dilute solution is mixed with one equivalent of

sulphuric acid (-1112804) only 288“ instead of 2072“ are evolved,

and, on the other hand, one equivalent of sodium sulphate

(^NajSO^) and one equivalent of nitric acid produce — 1752“

instead of— 2072“. It follows from these observations that

in neither of these cases does a complete decomposition take

place in accordance with the equations, but that an intermediate

stage of partial decomposition ensues, which is the same in both

cases.

By adding these two results together we obtain 288“+ 1752“

= 2040“, which agrees approximately with the difference in the

heat of neutralisation of the two acids. Apparently the reactions

could be represented respectively by

288

2040
= 0T4 and

17^2

2040
= 0 -86

,
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i.e. 14 per cent, of the nitrate is decomposed by the equivalent

of sulphuric acid and 86 per cent, of the sulphate is decomposed

by the nitric acid. But this intei-pretation is erroneous, for in

both cases each free acid not only acts on the salt of the other

acid but on its own salt with absorption of heat. By special

experiments Thomsen found for

4(Na,SO,+«H,SO,): . 1650*,

and for NaNOg + HNOgt — 36°.

On mixing equal equivalents the solution contains in a state of

equilibrium

piHjSO, + (1 -_p)iNa2SO, + (1 -jj)HNOg +yjNaNOg

;

-^H,SO, acts on lNa„SO.
;
therefore

1
2 * 2 < ’ \

and the amount of sulphate present gives with tbe free acid a

calorific effect

1-P
2

1-P
P

1-P +
0’8

)

In both cases the total effect is represented by

1. (l-ri .2072'-

.

1650'-(1-J>)36'=288'.

2. -V . 2072'-/i^~^ . 1650'-(l-y)36'= -1762'.
^ 0'2p + U'8

In these equations p is very nearly equal to f

.

Replacing p by -g in equaiion 1, we obtain 286° instead of

288° and in 2, -1786° instead of -1752°.

The state of equilibrium is represented by the formula

2 • KH2SO4) + i(NagSOJ + IHNOg + 2NaNOg

;

^=X'^=5=Xt'X*=0'25;V (! I L
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and the avidity Av=;)^= 0‘5, i.e. when equal equivalents are-

taken the relative quantities of sulphuric and nitric acids^

neutralised are as 1 to 2.

§ 114. Avidity calculated for Molecular Weights.—These

interactions are more accurately represented by molecular

formula3, and the state of equilibrium in this case can be ex-

pressed by the formula

2H2SO, + Na^SO., + 2HNO3 + 4NaN03,

or as sulphuric acid acts on its salts and converts the greater

part of them into acid sulphates

—

H.3SO, + 2NaHSO, + 2HNO3 + 4NaN03.

Now let us consider what will be the result when equal

molecular weights (not equivalent weights) of the two acids

take part in the reaction. The general formula for the state of

equilibrium is

P^H2S04 q-^'^NujSO^ + 2HNO3 + 2'NaN03

and the values for the total equivalents of

Sulphates=p +y= 2 equivalents

Nitrates=3' = l equivalent

Salts =j3' + ?'= l
,,

The condition of equilibrium is

i'=0-25i'.

V i i

From these four equations it follows that

2=/= 0-46, 2'= 0-54, p= 1-54.

By introducing these values and changing the equivalent

formulae to molecular formulae we obtain for the state of equili-

brium

—

0-54H2SO, + 0-46NaHSO, + 0-46HNO3 + 0-54NaNO3.

The ratio between the quotients of decomposition

—
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0-46

0-54
= X^

and the molecular avidity (Av),,—%— 0'85

When equal molecules of nitric and sulphuric acid act on a

quantity of sodium hydroxide solution equivalent to the nitric

acid, 85 molecules of sodium hydrogen sulphate (NaHSOJ are

formed for every 100 molecules of sodium nitrate produced.

Molecular Formula n (Av)^,

1

Nitric Acid
Hydrochloric Acid .

Hydrobromic Acid .

Hydriodic Acid
Trichloracetic Acid

.

Sulphuric Acid

1

Selenic Acid
.

_

.

j

Dichloracetic Acid .

;
Oxalic Acid

i Orthophosphoric Acid

Monochloracetic Acid

Tartaric Acid .

Citric Acid
Glycollic Acid

.

Hydrofluoric Acid .

Formic Acid .

Lactic Acid
Malic Acid
Succinic Acid .

Acetic Acid
Propionic Acid
Butyric Acid .

Isobutyric Acid

HNO 3

HCl
HBr
HI
HCjCljOo
H..SO,

HiiSeO,

H‘C.,HC1.,02

h!;c.I),

H,Pb,
HC„H.,C10j

H^C^H.O,
HC.,H303
HF
HCHO,.
HC3

H563

HoC,H,03
H.,C 3

H^0^

HC0H3
O3

HC3H3O3

HC,H,03
HC,H.O.,

100
98
89
79
80
49
46
33
26
13

7
6'2

6-0

6-0

5-0

3-9

3-3

2-8

1-46

1-23

1-04

0-98

0-92

1

1

1

1

1

2

2

1

2

.3
1

2

3

1

1

1

1

2
2
1

1

1

1

100
98
89
79
80
83

75
33
40
24
7

7

9

5

6
3-9

3-3

4
207
1-23

1-04

0-98

0-92
1

Thomsen’s investigations were confirmed and further deve-

loped by Ostwald. Both investigators determined the avidity of

a large number of acids. In the preceding table (Av)^ denotes

the avidity for equivalents and (Av),, the molecular avidity with

the formation of acid salts. The avidity of nitric acid=100

serves as the standard of comparison
;
n indicates the number of

equivalents contained in the molecule.

§ 115. Relation between the Avidity and Composition of

Acids.—The numbers in the preceding table clearly show the

connection between the avidity of an acid and the nature and

arrangement of its atoms. The fatty acids

= CO-OH
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grow weaker as the value of n increases, that is, as the mass of

the hydrocai’bon radical united to the carboxyl increases :

—

Av

Formic Acid H—CO—OH 3-9

Acetic „ . CH
3—CO—OH 1-23

Propionic „ . C^H, . CO . OH 1-04

Butyric „ . C3
H, . CO . OH 0-98

The avidity is increased by replacing hydrogen by hydroxyl

<OH).
Av

Acetic Acid CH
3 . CO . OH 1-23

Glycollic ,, . HO . CH
2 . CO . OH 5

Propionic „ C
2
H

5 . CO . OH 1-04

Lactic
,, . HO . C^H, . CO . OH 3-3

(Av)e (Av)„

Succinic Acid HO . CO . C^H, . CO . OH 1-45 2-07

Malic „ . HO . CO . C2H3(0H) . CO . oh 2-8 4-0

Tartaric „ . HO . CO . C2H2(0H)2C0 . OH 5-2 7-3

It is greatly increased when H
2

is replaced by 0.

fAv)j. (Av)„

Glycollic Acid . HO . CH
2 . CO . OH 5 5

Oxalic „ . HO . CO . CO . OH 26 40

The same effect is produced by replacing hydrogen by

chlorine :

—

Av

Acetic Acid CH3 . CO . OH 1-23

Monochloracetic Acid . . . CH„C1 . CO . OH 7

Dichloracetic „ . . . CHCI
2 . CO . OH 33

Trichloracetic „ . . . CCI
3

. CO . OH 80

All theseexamples showthat the facility with which a chemical

change takes place is determined, not only by the nature and

arrangement of the atoms dii’ectly taking part in the reaction,

but is also influenced by other more distant atoms in the chain,

and frequently their influence is so powerful as to preponderate

over that of all the others.
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§
116. Connection between Avidity and other Properties of

the Acids.—The property termed avidity or relative affinity de-

termines the behaviour of the acid in almost all its actions.

The inversion of sugar by acids in dilute aqueous solution men-

tioned in § 108, where the acid remains unchanged, the analogous

decomposition of ethereal salts soluble in water by dilute acids,

and many analogous reactions, take place with a velocity which

is directly proportional to the avidity. A relation also exists

between the avidity and the rate of diffusion and the closely

allied electric conductivity of acids. The strength of an acid is

almost directly proportional to its rate of diffusion and to its

conductivity.

This surprising connection between chemical and physical

properties is explained by the fact that the apparently stronger

acids dissociate more easily, and in proportion to the facility with

which the acid dissociates into ions its power of entering into

double decomposition and its conductivity and other properties

increase.

What we term affinity or avidity is no other than the facility

of entering into reactions, mobility. We can therefore do with-

out the notion of strong or weak chemical affinity in these

speculations, although at the present time we cannot safely

substitute another cause for the combination of the atoms in its

place. Our present views are essentially different from the

earlier views. What was formerly ascribed to a stronger

attractive force is now accounted for as a result of greater

mobility.

§ 117. Influence of Insolubility and Volatility on Chemical

Change. C. L. Berthollet has pointed out that an act of double

decomposition is materially influenced by the state of aggre-

gation of the bodies taking part in the reaction. Berthollet

maintained that when a compound separates out in an insoluble

or volatile form it then loses all influence on the reaction. He

explained, for example, the nearly perfect precipitation of

sulphuric acid by barium salts and similar changes by assuming

that the two acids, for instance, sulphuric and hydrochloric

acids, distribute themselves between the base, according to the

relative quantities in which they are present and in the ratio of

their affinities. But the state of equilibrium produced is dis-
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turbed by the precipitation of insoluble barium sulphate, and

consequently a new distribution of the acids takes place, and this

process continues until there is either no barium salt or no

sulphuric acid in the solution.

In this particular instance, owing to the resistance which

barium sulphate offers to chemical change, this hypothesis

corresponds fairly well with what actually takes place
;
but, as a

general rule, this is not the case, as the insoluble precipitates do

not cease to interact with the compounds still remaining in

solution.

The simplest problem which offers itself to our consideration

is when two of the four bodies interacting on each other are

soluble and two insoluble. In this case Guldberg and Waage’s

theory is applicable with a slight modification. Of the four

bodies A . B . A' . B' (see §111) taking part in the reactions

let A' and B' be insoluble. The state of equilibrium is repre-

sented by j?A + 'p'A.' + (?B + q'W
;
the equation for the quotients

of decomposition, simplified by the fact that an

increase in the quantities p' and q' of the insoluble compounds

does not exert any perceptible influence. These quantities may

therefore be regarded as invariable, provided that not too small

a quantity of each of these bodies is present.

= constant
;
then q — y • p that is to say, in the state of

equilibrium a definite relation exists between the quantities of

the two soluble substances in the solution. This condition is

established when the quantity of A acting on the insoluble B'

is equal to the amount of B interacting with A' in the same

interval of time. In order that this state of equilibrium may

be rapidly attained the liquid must be brought into intimate

contact with the precipitate by boiling or by shaking. The

coefficient 7 depends not only on the nature of the interacting

compounds but also on the concentration and temperature, and

is often greatly affected by these conditions. The more or less

crystalline character of the precipitate frequently exerts a great

influence.

Guldberg and Waage allowed mixtures of barium sulphate

and potassium carbonate, and barium carbonate and potassium

•»-

a
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•sulphate, to interact for a year at 3° C. The substances were

present in the proportions

—

(a) IBaSO, + IK2CO3 + lOOH^O

(h) IBaCOg + lK^SO.+ lOOHp

The solution contained—
(a) 0-959K2CO3 + 0-041K2SO,; 7 = 23-4

(b) 0-929X2003 + 0-071 Iv2SO^; 7= 13-1

and consisted, therefore, almost entirely of carbonate: in (a)

23-4X2003 and in (6) I3-IX2OO3 to each molecule of XjSO^.

The state of equilibrium had not been reached in this long period,

as is evident from the marked difference in the values of 7.

At 100° the interaction goes on more rapidly, but 7 is much

smaller, i.e. there is much more sulphate in solution.

In three days IBaSO^ + IX2OO3 + IOOH2O

yielded 0-76X2003-4- 0-24XjSO^ ;
7= 3-2;

^nd IBaOOg q- 1X280^ IOOH2O

in the same time produced 0-72X2003-1-0-28X280^
; 7 = 2-6.

Here the state of equilibrium is nearly attained.

A strong solution contains more sulphate, a dilute solution

more carbonate. This agrees with the directions H. Bose gave

many years ago for decomposing barium sulphate by boiling

with a strong solution of potassium carbonate, renewing the

potassium carbonate solution when it contained a certain

quantity of sulphate.

The chromates behave like the sulphates. According to

James Morris, potassium carbonate and barium chromate inter-

act until the solution contains IOX2CO3 if cold, or 3-75X2CO3 if

boiling, for each X2CrO^. Here, again, 7 decreases, and with it

the amount of carbonate in solution, as the temperature rises.

According to Watson 8mith, the insoluble calcium oxalate is

very slightly attacked by sodium carbonate, but calcium car-

bonate is almost completely decomposed by sodium oxalate.

The behaviour of the corresponding compounds of strontium,

barium, and lead is exactly the reverse of that exhibited by

•calcium carbonate and oxalate.

§ 118. One Insoluble Substance.—The problem is not quite
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SO simple when only one of the interacting compounds is in-

soluble. When aqueous solutions of oxalic acid and calcium

chloride are mixed together, calcium oxalate is precipitated, and

free hydrochloric acid, oxalic acid, and some calcium chloride

remain in solution. The state of equilibrium is represented by

the formula

—

pHoClj +p'CaCl2 + 2H2C2O4 q- [2'CaC20J.

For the sake of uniformity the formula for hydrochloric acid is

doubled. The foi’mula of the insoluble compound is placed in

brackets. Two reactions maintain equilibrium, viz :

—

CaCl2 + H2C20, = H2Cl2 + [CaC20J
and

H2Cl2 + [CaC20,] = CaCl2 + H2C20,.

The frequency with which the first reaction takes place

increases with the number of particles of the interacting bodies

in solution
;

it is therefore proportional to the product p' x j.

The value of q\ which is always relatively large, has no per-

ceptible influence on the frequency of the reaction, and the rela-

tion between the reaction and the number p of acid equivalents

is far from simple. It is certain that calcium chloride and

oxalic acid can only exist together in solution in very small

quantities; the first reaction preponderates over the second.

When an excess of oxalic acid or of calcium chloride is used the

first reaction takes place to the almost entire exclusion of the

second.

§ 119. Action of Mass in Gases.—If one of the products of

decomposition in a solution is a gas, and entirely escapes, it

ceases to exert any further influence. But if the whole or a part

of it remains absorbed, then the absorbed gas behaves like any

other substance in solution—that is to say, it can reverse the

reaction which led to its formation.

Gases are frequently formed by the dissociation of com-

pounds in solution, e.g. carbonic anhydride is evolved from bi-

carbonates. If all the gas escapes the decomposition is complete

and all the bicarbonate changes into carbonate. Such a change

is more likely to occur in a hot than in a cold solution. If

carbonic anhydride remains in solution, then some bicarbonate
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will remain undecomposed or will be re-formed. According to

Hiifner’s observations, the red colouring matter of the blood, so

necessary for tbe life of men and the higher animals, loses the

oxygen with which it is combined in a similar way unless there

is at least a small quantity of free oxygen dissolved in the blood.

If the free oxygen is removed, fresh oxygen will be formed by

dissociation of the colouring matter. This process may be

repeated until the red colouring matter is completely decom-

posed, so that by means of the air-pump all the oxygen can be

removed, although the greater part of it is in a state of chemical

‘combination, and only a small fraction of it is physically

absorbed.

Guldberg and Waage’s law or a similar law is probably valid

when all the bodies taking part in the reaction are gaseous.

But experimental proof of this problem has only been adduced

in a few special cases. The first experiments in this diiection

(or, indeed, on the action of mass since the time of Berthollet)

were made by Bunsen, who proved that when two combustible

gases are mixed with an insufficient quantity of oxygen for theii

complete combustion the amount of oxygen combining with

either gas is proportional to the amount of that gas present.

' In the case of a mixture of carbon monoxide and hydrogen the

oxygen will be equally divided between the two gases if the

mixture consists of six volumes of carbon monoxide to one of

hydrogen. In a mixture of equal volumes of the two gases the

hydrogen takes up three or four times as much oxygen as the

carbon monoxide. The quantities change in the manner indi-

cated by Guldberg and Waage’s law, but they do not obey this

law as closely as might be supposed. Kecent investigations of

Harold Dixon have shown that the process is much less simple

than was formerly held to bo the case. Perfectly dry carbon

monoxide burns in oxygen with great difficulty, although it

burns readily when it is mixed with aqueous vapour; the

aqueous vapour is reduced and the resulting hydrogen is

again oxidised

—

CO-hHp = CO2 + H2;

2H2 + O2 = 2H2O.

Probably the law of Guldberg and Waage is valid for the

p
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first process, providing that the temperature is sufficiently high

to prevent the water depositing.

The state of equilibrium is ^jC0+p'C02 + fjH
2+ </'H20 and

P <1

As the second reaction can only be reversed at a very high

temperature the law does not, as a rule, apply to this case. Mass

exerts considerable influence in the interaction of gases and

solids, e.g. the oxidation of red-hot charcoal by steam, when

the chief products are carbonic anhydride, hydrogen, and a

small quantity of carbon monoxide, but a portion of the steam

remains undecomposed.

§ 120. Exceptions to Guldberg and Waage’s Law.—Un-

expected deviations from Guldbei-g and Waage’s law are occa-

sionally met with. For example, A. Bonz found that the

formation of an amide by the action of ammonia on an ethereal

salt is a reversible reaction.

NH3 + C2H5—O.COCH3 = NH2-COCH3 + HOC2H3
Ammonia Ethyl Acetate Acetamide iUcohol

At temperatures above 100° alcohol and acetamide interact,

yielding ethyl acetate and ammonia. The proportion of ethereal

salt produced increases with the temperature and mth the

molecular weights of the alcohol and amide.

The influence of mass is in accordance with the law oi

Guldberg and Waage. The value of however, is only con-

stant when equal molecules of ethereal salt and ammonia are

present, i.e. in the proportion in which they are formed by the

action of alcohol on the amide. The addition of an excess of

ammonia increases the decomposition of the amide by alcohol

;

the addition of the ethereal salt lessens the action; and in

either case the effect produced is greater than it should be,

according to Guldberg and Waage’s law. In this case the effects

of the two interacting compounds on the decomposition are

opposed to each other. This is not usually the case.

§ 121. Non-reversible Reactions.—The la\v of Guldberg and

Waage does not apply to non-reversible reactions. In these

cases the rule appears to be that the quantity of any given
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substance exerts an influence, but the influence produced by

the mass varies with difFereut substances. Menschutkm has

shown that the formation of acetanilide from aniline and acetic

acid

—

NH,.C .H. + HOCOCH3 = NHC3H5.CO.CH3 +HOH
5

Aniline Acetic Acid Acetanilide Water

is greatly faeflitated by an excess ot acetic acid, whereas an

excess of aniline delays the operation, but increases the amount

of the product. If Guldberg and Waage’s law were valid both

bodies would act in the same way. That it does not app y m
this instance is probably due to the fact that the acetic aci

dissociates, and that the aniline either does not dissociate or

dissociates only to a slight extent,

A still more striking example of the cdfference in the in-

fluence of two interacting bodies on a reaction is afforded in the

nitration of aromatic organic compounds, e.cj.

CgHg + HONO2 = C3H5.NO2 + HgO

Benzene Nitric Acid Nitro-benzene Water

The reaction is facilitated by increasing the amount of nitric

acid, but it is delayed by the addition of benzene and also by the

products of the decomposition, namely, water and nitro-benzene.

An increased quantity of acid not only increases the absolute, but

also the relative quantity, i.e., the percentage of acid taking part

in the interaqtion. According to A. Kessler, by taking double

the theoretical quantity of nitric acid, the yield of nitro-benzene

in the first quarter of an hour is increased fourfold
;
and if

the amount of nitric acid is trebled, the yield will be ninefold.

The quantity of nitro-benzene increases in proportion to the

square of the quantity of acid used. In order to make this

observation it is necessary to mix the benzene with its equivalent

of nitro-benzene and to keep the mixture cold in ordei to

moderate the reaction, which would otherwise take place with

explosive violence.

Without doubt the complete diSerence in the influence

of these two interacting compounds is due to the fact that the

power of dissociation is possessed by nitric acid in a very high



212 OUTLINES OF THEOEETICAL CHEMISTEY

degree, and not at all by benzene. Nitric acid dissociates ac- I
cording to the equation fl

2H0.N02 = N205 + H20 I

and does not form the electrolytic ions HO and NO^. 1
The anhydride then attacks the_^benzene thus :—

N02.0.N02 + 2C,Hc=20(;H5.N02 + H20. I

Diluting the acid with water, nitro-benzene, or even with I
benzene, tends to prevent the decomposition of the acid into a
anhydride and water, and the weak acid steadily grows weaker, fl

and finally ceases to nitrate. The ease with which the nitration

is effected also depends on the nature and composition of the 1

organic body. When a portion of the hydrogen in benzene is 1

replaced by other elements or radicals, the operation of nitration

may be facilitated, or it may be rendered more difficult, and even

impossible. This depends on the nature and the position of the

elements replacing the hydrogen.

§ 122. Contact Action.—It occasionally happens that two

or more bodies can only interact in the presence of a third, and
:

this third substance either remains unchanged or experiences a

change itself. Phenomena of the fii’st class are termed mtalijsis

by Berzelius and contact action by Mitscherlich. The cha-

racteristic feature of this class of phenomena is that a small

quantity of the substance which remains unchanged can bring

about the decomposition of a very large quantity, frequently of •

an unlimited quantity, of another compound.

The ignition of hydrogen and oxygen by finely-divided
]

platinum is a simple example of this contact action. The action
|

of the metal depends on the property which platinum possesses
|

of condensing gases on its surface and of bringing them into
i

such intimate contact that combination ensues. Contact action is ,

a term which is well adapted to describe this class of phenomena. ,

It is, of course, open to question whether the metal does act
|

only by contact, or whether it forms an unstable compound

either with oxygen or, like palladium, with hydrogen. ^
In other cases the participation of the ‘ contact substanc^>'^'^*^

in the interaction has been definitely proved. Take, for example,
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the ‘ carriers of oxygen.’ As the oxidation of sulphurous acid

bv the oxygen of the air takes place very slowly, nitric oxide is

used as a carrier of oxygen in the leaden chamber of the vitnol

works. The nitric oxide, NO, is oxidised at the expense of the

oxygen of the atmosphere to the peroxide, NOj, which oxidises

the sulphurous acid and is reconverted into nitric oxide, ihe

reaction is not quite as simple as it is here depicted. ®

first place nitro-sulphonic acid (the crystals of the leaden

chamber) HO—SO —NO, is first formed from nitric oxide,

oxygen, steam, and sulphur dioxide. This compound decomposes,

yielding sulphuric acid and oxides of nitrogen

2HO—SO,—NO, + H,0 = 2HO—SO,—OH + NO, + NO.

The sulphates and other salts of manganese, copper, iron, and

other metals act as carriers of oxygen to aqueous solutions of

sulphurous acid, as they are reduced by the sulphurous acid and

reoxidised by the atmospheric air. A cold solution of oxalic

acid is not oxidised by chromic acid, except in the presence of a

manganese salt, which reduces the chromic acid and oxidises

the oxalic acid. Manganese sulphate also acts as a carrier of

oxygen when oxalic acid is oxidised by permanganic acid.

Indigo effects the oxidation of an alkaline solution of grape

sugar by acting as a carrier of atmospheric oxygen, for the

indigo is reduced to indigo-white by the gi-ape sugar, but at

once unites with oxygen and forms indigo-blue again.

The formation of ethyl ether from alcohol and sulphuric acid

was formerly considered to be an example of catalytic or contact

action

—

2C,H5.0H = (C,H,),0 + H,0.

But Williamson proved that the sulphuric acid takes part in the

change, thus :

—

C,H,.OH + H,S0,
Alcohol Sulphuric Acid

C,H —HSO, + H,0
Ethyl Sulphuric Acid Water

C,H,.OH + C,H5.HS0., = C,H5.0.C,H, + H,SO,.

Ether

The sulphuric acid does not act merely by its presence, but

takes part in the interaction and is formed again. It is probable
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that sometliing similar takes place in the case of the apparently

simple decomposition mentioned in § 108. The decomposition

of cane sugar into dextrose and laevnlose is probably preceded

by the formation of corresponding ethereal salts with the inverting

acid, which are in their turn decomposed by water.

Emmerling observed and explained a very remai’kable case

of apparent contact action. Oxalic acid scarcely attacks crystal-

line calcium carbonate, e.cj. marble. A thin insoluble crust of

calcium oxalate forms on the surface of the marble, which

prevents any further action taking place, but on the addition of

a very small quantity of nitric acid or a nitrate the marble is

rapidly attacked and converted into calcium oxalate. Apparently

it is the nitric acid or the nitrate which incites the oxalic acid

to attack the calcium carbonate, but in reality it is the nitric

acid which was added or was liberated from the nitrate by the

oxalic acid that attacks the marble, forming calcium nitrate.

The oxalic acid interacts, forming calcium oxalate and liberating

nitric acid.

Interactions which apparently take place between two sub-

stances but require the presence of a third body, are of frequent

occurrence. Many metals remain unaltered in dry air which

rust or oxidise in a damp atmosphere. M. Traube has shown

that water takes part in this process of oxidation
;
a metallic

hydroxide and hydrogen peroxide are first formed according to

the equation

—

Zn + 2HO H+02 = Zn02H2 + H202.

The metal decomposes the water, forming hydroxyl (HO—

)

and hydrogen, but the latter unites with a molecule of oxygen.

The molecule of oxygen consists of two atoms, and at the low

temperature the hydrogen is unable to effect their separation.

The hydroxide loses water and passes into oxide, the hydrogen

peroxide loses oxygen, forming water. In this way the water

which took part in the interaction reappears as water when the

reaction is completed.

Certain bodies act as carriers of chlorine in a similar way

to the oxygen carriers. Pure nitro-benzene is practically un-

attacked by chlorine, but in the presence of anhydrous ferric

chloride substitution of the hydrogen by chlorine takes place

;
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but tbe ferric chloride remains unchanged in quantity and has

apparently taken no part in the reaction.

When bromine is substituted for chlorine the following reac-

tion takes place, according to A. Scheufelen

.

Br, + C,H,NO, + FeCl
3
= Br.O^H^.NO^ + HCl + Fe01,Br

and the analogous change in the case of chlorine is

Cl., + + FeCla = ClCgH,.N02 + HCl + FeCla-Cl.

The chlorine of the ferric chloride unites with an atom of

hydrogen of the benzene to form hydrochloric acid, and both

atoms°are replaced by free chlorine or bromine. All three

bodies consequently take part in the interaction.

The numerous and varied forms of fermentation were formerly

regarded as cases of catalytic action. It was believed that

simple contact with the ferment, e.g. yeast, brought about the

decomposition of the fermentable substance, sugar. Fermenta-

tion is now considered to be due to the action of minute living

organisms, which devour the fermentable substance for their

nourishment and excrete the decomposition products. The

yeast ferment feeds on sugar and produces carbon dioxide

and alcohol. The process is much more complicated than was

formerly supposed to be the case.

This example, taken from a large class of similar phenomena,

clearly shows that those changes which were formerly described

as the result of contact action must be generally regarded as

the interaction of three or more different bodies, or are even

much more complex reactions. Berzelius explained this class

of phenomena by the hypothesis of a special catalytic force con-

tained in those substances which appai’ently take no part in the

interaction. This hypothesis is now known to be unnecessary

and superfluous.

§ 123. Kinetic Nature of Affinity.—An examination of the

various forms of chemical change as described in the preceding

paragraphs leads of necessity to the conclusion that the hjqDo-

thesis of an attractive force known as affinity, such as was

formerly accepted and even survives to the present time, is of

little or no use in explaining chemical phenomena.

We might conclude from the fact that cupric sulphate is
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reduced to 'a cuprous salt by sulphurous acid that sulphurous

acid has a stronger affinity for oxygen than copper has in the

form of cuprous oxide
;
we should consequently expect that

cuprous oxide will take up oxygen from the air less readily than

sulphurous acid does. As observation shows that the reverse is

the case, we come to the conclusion that this view of the

matter is incorrect
;
nor is the explanation satisfactory in many

other cases. We have gradually receded from the idea of a

static state of equilibrium of the atoms brought about by their

powers of affinity, and we now consider the atoms, and the

molecules which are built up of atoms, as particles in an active

state of movement. Their relations to each other are essentially

determined by the magnitude and form of their movements.'

Chemical theories grow more and more kinetic, and although,

partly from habit and partly from want of a better expedient,

the existence of an attractive lorce between the atoms is

frequently used in explaining chemical phenomena, this only

happens in the conviction that this hypothetical affinity is

merely an expression for the real though imperfectly known

cause of the internal cohesion of chemical compounds.
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2 Scientific Works published by Longmans, Green, 6^ Co.

CHEMISTRY.
ADDYMAN—AgriciiltHral Analysis. A Manual of Quantitative Analysis

for Students of Af^riculture. By Frank T. Addyman, B.Sc. (Lond.),
F.I.C. With 49 Illustrations. Crown 8vo. 5s. net.

CARNEdlE—Law ami Theory in Chemistry: a Companion Book for
Students. By Douglas Carnegie, sometime Scholar and Demon-
strator in Chemistry of Gonville and Caius, Cambridge. Cr. 8vo. 6s.

COLEMAN & ADDYMAN—Practical Agricultural Chemistry. For
Elementary Students, adapted for use in Agricultural Classes and
Colleges. By J. Bernard Coleman, A.RC.Sc., F.I.C., and Frank
T. Addyman, B.Sc. (Lond.) F.LC. With 24 Illustrations. Crown
8vo. Is. 6d. net.

CORNISH—Practical Proofs of Chemical Laws : a Course of Experi-
ments upon the Combining Proportions of the Chemical Elements.
By Vaughan Cornish, M.Sc., Associate of the Owens College,
Manchester. Crown 8vo. 2s.

CROOKES—Select Methods in Chemical Analysis, chiefly Inorganic.
By William Crookes, F.R.S., &c.. Editor of the Chemical Ne^vs.

With 67 Woodcuts. 8vo. 2ls. net.

EARL—The Elements of Laboratory Work : a Course of Natural Science.

By A. 6. Earl, M.A., F.C.S., late Scholar of Christ’s College, Cam-
bridge. With 57 Diagrams and numerous Exercises and Questions.
Crown 8vo. 4s. 6rf.

FURNEALX—Elementary Chemistry, Inorpinic and Organic. By W.
Furneaux, F.R.C.S., Lecturer on Chemistry, London School Board.
With 65 Illustrations and 155 Experiments. Crown 8vo. 2s. 6d.

HJELT—Principles of General Organic Chemistry. By Professor E.
Hjelt, of Helsingfors. Translated from the German by J. Bishop
Tingle, Ph.D., Assistant in the Laboratory of the Heriot Watt
College, Edinburgh. Crown 8vo. 6s. 6d.

JAGO—Works by W. Jago, F.C.S., F.I.C.

Inorganic Chemistry, Theoretical and Practical. With an
Introduction to the Principles of Chemical Analysis Inorganic and
Organic. With numerous Experiments, with 63 Woodcuts and
numerous Questions and Exercises. Fcp. 8vo. 2s. 6d

An Introduction to Practical Inorganic Chemistry. Crown
8vo. Is. 6d.

Inorganic Chemistry, Theoretical and Practical. A Manual
for Students in Advanced Classes of the Science and Ai t Department.

With Plate of Spectra and 78 Woodcuts. Crown 8vo. 4s. 6d.

KOLBE—A Short Text-Book of Inorganic Chemistry. By Dr. Her-
mann Kolbe. Translated and Edited by T. S, Humpidge, Ph.D.

With 66 Illustrations. Crown 8vo. 8s. 6rf.

MENDELEEFF—The Principles of Chemistry. By D. MENDELkEFF,
Professor of Chemistry in the University of St. Petersburg. Trans-

lated by George Kamensky', A.R.S.M., of the Imperial Mint, St.

Petersburg, and edited by A. J. Greenaway*, F.I.C., Sub-Editor of

the Journal of the Chemical Society. With 97 Illustrations. 2 vols.

8vo. 36s.
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MEYER—Outlines of Theoretical Chemistry. By Lot^r

Professor of Chemistry in the University of Tubingen. Translated by

Professors P. Phillips Bedson, D.Sc., and W. Carleton Williams,

B.Sc. 8vo. 9s.

Fcp. 8vo. 3s. 6rf.

MUIR—Works by M. M. Pattison Muir, M.A., Fellow of Gonville and

Cains College, Cambridge.

The Alchemical Essence and the Chemical Element ; an Episode

in the Quest of the Unchanging. 8vo. 4s. 6d.

Tables and Directions for the Qualitative Chemical Analysis

of Moderately Complex Mixtures of Salts. Crown 8vo. Is. 6d.

NEWTH—Works by G. S. Newth, Royal College of Science, South

Kensington.

Chemical Lecture Experiments. With 224 Diagrams. Crown

With 146 Illustrations.
8vo. 10s. 6d.

A Text-Book of Inorganic Chemistry.

Crown 8vo. 6s. 6d.

Elementarv Practical Chemistry. A Laboratory Manual tor Use

in Organised Science Schools. With 108 Illustrations and 254 Ex-

periments. Crown 8vo. 2s. 6d.

ODLING-A Course of Practical Chemistry, aiTanged for the Use of

Medical Students, with express reierence to the Three Months Siunmer

Practice. By Wit.liam (Idling, M.A. With 71 Woodcuts. Crown

8 VO. 6s.

OSTWALD—Solutions. By W. Ostwald, Professor of Chemistry m the

University of Leipzig. Being the Fourth Book, with some Additions,

of the Second Edition of 0.stwald’.s ‘ Lehrbuch der Allgemeinen Chemie .

Translated by 1\L M. Pattison Muir, Fellow of Gonville and Cams

College, Cambridge. 8vo. 10s. 6d.

PAYEK —Industrial Chemistry. A Manual for use m Technical Colleges

and Schools, based upon a Translation of btohmann and

German Edition of Payen’s ‘ Prdcis de Chimie Industnelle . Edited

by B. H. Paul, Ph.D. With 698 Woodcuts. 8vo. 42s.

REYNOLDS—Experimental Chemistry for

Emerson Reynolds, M.D., F.R.S., Professor of Chemistry, University

of Dublin ;
Examiner in Chemistry, University of London, h cp. 8vo.

with numerous Woodcuts.

Part I. Introductory. Fcp. 8vo. Is. 6d.

Part II. Non-Metals, with an Appendix on Systematic Te.sting tor

Acids. Fcp. 8vo. 2s. Qd.

Part III. Metals and Allied Bodies. Fcp. 8vo. 3s. 6d.

Part IV. Carbon Compounds. Fcp. 8vo. 4s.
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SHENSTONE—Works by W. A. Shenstone, Lecturer on Chemistry
in Clifton College.

Tlie Methods of Glass-Blowing. For the use of Physical and
Chemical Students. With 42 Illustrations. Crown 8vo. is. 6d.

A Practical lutrodiictioii to Chemistry. Intended to give a
Practical Accjiiaintance with the Elementaiy Facts and Principles of
Chemistry. With 25 Illustrations. Crown 8vo. 2s.

THORPE—A Dictionary of Apx)lied Chemistry. By T. E. Thorpe,
B.Sc. (Viet.), Ph.D., F.R.S., Treas. C.S., Professor of Chemistry in the
Royal College of Science, South Kensington. Assisted by Eminent
Contributors. 3 vols. 8vo. Vols. I. & II. 42s. each. Vol. III. 63s.

(Quantitative Chemical Analysis. By T. E. Thorpe, Ph.D.,
F.R.S. With 88 Woodcuts. Fcp. 8vo. 4s. 6d.

THORPE and MUIR—Qualitative Chemical .iiialysis and Laboratory
Practice. By T. E. Thorpe, Ph.D., D.Sc., F.R.S., and M. M. Pattison
Muir, M.A. With Plate of Spectra and 57 Woodcuts. Fcp. 8vo. 3s. 6d.

TILDEX—Works by William A. Tilden, D.Sc. (Lond.), F.C.S., Pro-
fessor of Chemistry at the Royal College of Science.

Introduction to the Study of Chemical Philosophy. The Prin-
ciples of Theoretical and Systematic Chemistry. With 5 Woodcuts.
With or without the Answers of Problems. Fcp. 8vo. 4s. 6d.

Practical Chemistry. The Principles of Qualitative Analysis.

Fcp. 8vo. Is. 6d.

Hints on the Teaching of Elementary Chemistry in Schools
and Science Classes. Cr. 8vo. 2s.

WATTS’ Dictionary of Chemistry. Revised and entirely Rewritten by
H. Forster Morley, M.A., D.Sc., Fellow of, and lately Assistant-

Professor of Chemistry in, University College, London
;
and M. M.

Pattison Muir, M.A., F.R.S.E., Fellow, and Prselector in Chemistry,

of Gonville and Caius College, Cambridge. Assisted by Eminent
Contributors. 4 vobs. 8vu. Vols. 1. & II., 42s. each. VoL III., 50s.

Vol. IV., 63s.

WHITELEY—Works by R. Lloyd Whiteley, F.I.C., Principal of the

Municipal Science School, West Bromwich.

Chemical Calculations, with E.\planatory Note.-*, Problems and

Answers, specially adapted for use in Colleges and Science Schools.

With a Preface by' Professor F. Clowes, D.Sc;. (Lond.), F.I.C. Crown
8vo. 2s.

Organic Chemistry. The Fatty Compounds. With 45 Illustra-

tions. Crown 8vo. 3s. 6d.
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on Physics. Experimental and Applied-

d 1028 Wooacuts. Crown 8vo. 15s.

PHYSICS.

COOK—Physics. (Specially adapted for Indian Schools and Stnd^te.)

By J. Cook, M.A., Principal, Central College, Bai^alore. With

Elimination Questions and 206 Illustrations. Crown 8vo. 2s. 6a.

EARL—The Elements of Lahoratory Work : a Course of Natural

Science. By A. G. Earl, M.A., F.C.S. With 57 Diagrams and

numerous Exercises, etc. Crown 8vo. 4s. 6d.

GANOT—Works by Professor Ganot. Translated and Edited by E.

Atkinson, PLD., F.C.S.

Elementary Treatise

With 9 Coloured Plates and

Natural PhUosophy for General Readers and Young Persons;

a Course of Physics divested of Mathematical Formulae, expressed in

the language of daily life. With 7 Plates, 624 Woodcuts, and an

Appendix of Questions. Crown 8vo. 7s. 6d.

GLAZEBROOK and SHAW— Practical Physics. By R. T. Glazbbrook,

M.A.,F.R.S.,andW.N. Shaw. M.A. 134 Woodcuts. Fcp. 8vo. 7s. 6d.

GUTHRIE—A Class-Book of Practical Physics. Molecular Physics and

Sound. By F. Guthrie, Ph.D. With 91 Diagrams. Fcp. 8vo. Is. 6d.

HELMHOLTZ—Popular Lectures on Scientiflc Subjects. By Hermann

Von Helmholtz. Translated by E. Atkinson, Ph.D., h.C.S.,

formerly Professor of Experimental Science, Staff College. With 68

Illustrations. 2 vols., crown 8vo. 3s. 6d. each.

Vol I —The Eelation of Natural Science to Science in General—Goethe’s

Scientific Eesearches-The Physiological Causes of Hamony in Mi^ic-Ice

and Glaciers—The Inter-action of the Natural Forces—The Eecent Progress

of the Theory of Vision—The Conservation of Force-The Aim and Progress

of Physical Science. j o-
Vol II!—Gustav Magnus. In Memonam—The Origin and S^i^anoe of

Geometrical Axioms—The Relations of Optics to Painting--The Ongin of

the Planetary System—Thought in Medicine—Academic Freedom in German

Universities—Hermann von Helmholtz. An Autobiographical Sketch.

HENDERSON—Elementary Physics. By John Henderson, B.Sc.

(Edin.), A.I.E.E. Lecturer in Physics, Municipal Technical School,

Manchester. Crown 8vo. 2s. 6d.

HOPKINS—Preparatory Physics : a Short Course in the Laboratory.

By William J. Hopkins, Professor of Physics in the Drexel Institute,

Philadelphia. With numerous Diagrams. 8vo. 5s.

WATSON—Elementary Practical Physics : a Laboratory Manual for Use

in Organised Science Schools. By W. Watson, B.Sc., Demonstrator

in Physics in the Royal College of Science, London ;
Assistant

Examiner in Physics, Science and Art Department.

WORTHINGTON—A First Course of Physical Laboratory Practice.

Containing 264 Experiments. By A. M. Worthington, h .R.S., M.A.

With Illustrations. Crown 8vo. 4s. 6d.

WRIGHT—Elementary Physics. By Mark R. Wright, Professor of

Normal Education, Durham College of Science. With 242 Illustra-

tions. Crown 8vo. 2s. 6d.
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MECHANICS AND MECHANISM.
BALL—A Class-Book of Mechanics. By Sir R. S. Bali,, LL.D. 89

Diagrams, h'cp. 8vo. Is. 6rf.

(jOODEVE—Works by T. M. Goodkve, M.A., Professor )f Merljanicb at

the Norma] School of Science, ami the Royal School of Mines.

Principles of Meelianies. With 25,3 Woodcuts and numerous
Example.s. Crown 8vo. 6s.

The Elements of Mechanism. With 342 Woodcuts. Crown 8vo.

6s.

A Manual of Mechanics ; an Elementary Text-book for Students

of Applieil Mechanics. With 138 Illustrations and Diagrams, and 188

Examples taken from the Science Department Examination Papers,

with Answers. Fcp. 8vo. 2s. (id.

(iRIEVE—Lessons in Elementary Mechanics. By W. H. Grieve,

P.S.A., late Engineer R.N., Science Denion.strator for the London

School Board, &c. Stage 1. With 165 Illustrations and a large number

of Examples. Fcp. 8vo. Is. Qd. Stage 2. With 122 Illustiations.

Fcp. 8vo. Is. Qd. Stage 3. With 103 Illustrations. Fcp. 8vo Is. 6d.

MAGNUS—Lessons in Elementary Mechanics. Introductor}' to the

Study of Physical Science. Designed for the Use of Schools, and of

Candidates for the London Matriculation and other Examinations.

With numerous Exercises, Exam])les, and Examination Questions

and Solutions, &c., from 1870 to 1895. With Answers, and 131 Wood-

cuts. By Sir Philip Magnus, B.Sc., B.A. Fcp. 8vo. 3s. 6d.

Key for the use of Teachers only, price 5«. 3id. net, fosl free, from the

publishers only.

TAYLOR—Works by J. E. Taylor, M.A., B.Sc., Central Schools, Sheffield.

Theoretical Meclianics, including Hydrostatics and Pneumatics.

With 175 Diagrams and Illustrations, and 522 Examination Questions

and Answers. Crown 8vo. 2s. (id.

Theoretical Mechanics : Solids. With 163 Illustrations, 120

Worked Examples, and over 500 Examples from Examination Papers,

&c CrowTi 8vo. 2s. 6d.

Theoretical Mechanics : Fluids. With 122 Illustrations, numer-

ous Worked Examples, and about 500 Examples from Examination

Papers, &c. Crown 8vo. 2s. 6d.

THORNTON—Theoretical Mechanics : Solids. Including Kinematics,

Statics, and Kinetics. By Arthur Thornton, M.A., h.R.A.b., late

Scholar of Christ’s College, Cambridge ;
Senior Science M^ter,Bradfoi’d

Grammar School. With 220 Illustrations, 130 Worked Examples, and

over 900 Examples from Examination Papers, &c. Crown 8vo. 4s. bd.
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TAVISDEN—Works by the Rev. John F. Twisden, M.A.

Practical Meclianics; an Klemeulary Imro.luction to tlieu Stiuly.

With 85f) Exercises and 184 Fi;,oires and Diagrani'^. Crown 8\o.

10s. 6d.

Theoretical Mechanics. With 172 Exaini>les, mimerons Ex-

ercises, and 154 Diagrams. Crown 8vo. 8s. 6d.

DYNAMICS, STATICS, AND HYDROSTATICS.

0ELDARD—Statics and Dynamics By C. Geldard, M.A., formerly

Scholar of Trinity College, Cambridge, Mathematical Lecturer under

the Non -Collegiate Students’ Board, Cambridge. Crown 8vo. 5s.

GROSS—Elementary Dynamics (Kinematics and Kinetics). By E. J.

Gross, M.A., Fellow of Gonville and Cams College, Cambridge.

Crown 8vo. 5s. 6d.

MAGNUS—Hydrostatics and Pneumatics. By Sir Philip Magnus,

B.Sc. Fcp. 8vo. Is. 6d., or, with Answers, 2s.

The Worked Solutions of the Problems. 2s.

ROBINSON—Elements of Dynamics (Kinetics and Statics). With

nunierous Exercises, A Text-Book tor Junior Students. By the

Rev. J. L. Robinson, B.A., Chaplain and Naval Instructor at the

Royal Naval College, Greenwich. Crown 8vo. 6s.

SMITH—Graphics ; or, The Art of Calculation by Drawing Lines,

applied especially to Mechanical Engineering. By Robert H. Siiith,

Prof, of Engineering, Mason College, Birmingham. Part I. Arith-

metic, Algebra, Trigonometry, Moments, Vector Addition. Bocor

Addition, Machine Kinematics, and Statics of Flat and Solid

Structures. With separate Atlas of 29 Plates containing 97 Diagrams.

8VO. 15s.

SMITH—Works by J. Hamblin Smith, M.A., of Gonville and Caius

College, Camliridge.

Elementary Statics. Crown 8vo. 3.s.

Elementary Hydrostatics. Crown 8vo. 3s.

Key to Statics and Hydrostatics. Crown 8vo. 6s.

WILLIAMSON—Introdnction to the Mathematical Theory of the

Stress and Strain of Elastic Solids. By Benjamin Williamson,

D.Sc., D.C.L., F.R.S., Fellow and Senior Tutor of Trinity College,

Dublin. Crown 8vo. 5s
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WILLIAMSON and TARLETON—An Elementary Treatise on Dyna-
mics. Containinf{ Applications to Thermodynamics, with numerous

- Examples. By Benjamin Williamson, D.Sc., F.R.S., and Francis
A. Tarleton, LL.D. Crown 8vo. 10s. Qd.

WOllTHINCtTON—Dynamics of Rotation: an Elementary Introduction

to Rigid Dynamics. By A. M. Worthington, M.A., F.R.S., Head
Master and" Professor of Physics at the Royal Naval Engineering

College, Devonport. Crown 8vo. 3s. 6d.

SOUND, LIGHT, HEAT & THERMODYNAMICS.

ALEXANDER—Treatise on Thermodynamics. By Peter Alexander,
M.A., Lecturer on Mathematics, Queen Margaret College, Glasgow.

Crown 8vo. 5s.

GUMMING— Heat. For the use of Schools and Students. By LiNNiEUS

Cdmming, M.a., late Scholar of Trinity College, Cambridge ;
Assistant

Master at Rugb}"^ School. With numerous Illustrations. Crown 8vo.

4s. Qd.

DAY—Numerical Examples in Heat. By R. E. Day, M.A. Fcp. 8vo.

3s. Qd.

HELMHOLTZ—On the Sensations of Tone as a Physiological Basis

for the Theory of Music. By Hermann von Helmholtz. Royal

8vo. 28s.

MADAN—An Elementary Text-Book on Heat. For the use of Schools.

By H. G. Madan, M.A., F.C.S., Fellow of Queen’s College, Oxford
;

late Assistant Master at Eton College. Crown 8vo. 9s.

MAXWELL—Theory of Heat. By J. Clerk Maxwell, M.A., F.R.SS.,

L. & E. With Corrections and Additions by Lord Rayleigh. With

38 Illustrations. Fcp. 8vo. 4s. Qd.

SMITH (J. HambUn)—The Study of Heat. By J. Hamblin Smith,

M.A., of Gonville and Caius College, Cambridge. Cr. 8vo. 3s.

TYNDALL—Works by John Tyndall, D.C.L., F.R.S. See page 12.

WORMELL—A Class-Book of Thermodynamics. By Richard Wor-

mell, B.Sc., M.A. Fcp. 8vo. Is. Qd.

WRIGHT—Works by Mark R. Wright (Hon, Inter., B.Sc., London).

Sound, Light, and Heat. With 160 Diagrams and Illustrations

Crown 8vo. 2s. Qd.

Advanced Heat. With 136 Diagrams and numerous Examples

and Examination Papers. Crown 8vo. 4s. Qd.
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STEAM AND THE STEAM ENGINE, &c.

A.M.I.C.E. Fcp. 8vo. 2s. 6d.

lift! Tft\ Mol ive Powers ami tlieir Practical Selection. By Eeginalw

“* too of the loetitution ot Civil Engineer., etc.

Crown 8vo. 6s. 6d. net.

POTIRNE—A Catechism of the Steam Engine, in its Various Applications

’*T£A"t.hichi.ad.ledacb««
“nl\fder°errUseM Knles. Tfcle. and Memoranda.

Bourne, C.E. inustratecl l>y 212 Woodcuts. Crown 8vo.

By John
7s. 6d.

CLERK—The Gas Engine.

Crown 8vo.

By Dugald Clerk. With 101 Woodcuts.

IIOTMES The Steam Engine. By George C. V. Holmes (WhEw
“* sTl«) terX of tie Inetitition of Naval Architect.. With 212

Woodcuts. Fcp. 8vo. 6s.

RANSOM-Steam and (laa Engine Govei-nore. By H.

RIPPER—Works by William Ripper, Member of the Institution of

Mechanical Engineers ;
Professor of Mechanical Engineering in the

Sheffield Technical School.

Steam. With 142 Illustrations. Crown 8vo. 2s. 6d.

SENNETT—The Marine Steam Engine. A Treatise for the Use of

Engineering Students and Officers of the Royal Navy. By Richard

Se^ett, R.N., Engineer-in-Chief of the Royal Navy. With 261

Illustrations. 8vo. 21s.

STROMEYER—Marine Boiler Management and Construction,

a Treatise on Boiler Troubles and Repairs, Corrosion, Fuels, and Heat,

on the properties of Iron and Steel, on Boiler Mechanics, Workshop

Practices, Ld Boiler Design. By C. E. Stromeyer, Graduate of the

Royal Technical College at Aix-la-Chapelle, Member of the Institute

of Naval Architects, etc. With 452 Illustrations. 8vo. 18j>. net.
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ARCHITECTURE.
CWILT—An Eucyclopicdiii of Architecture. By Joseph Gwilt, F.S.A.

Illustrated with more than 1100 Enf<raving8 on Wood. Revised (1888),
with Alterations and Considerable Additifms, by Wyatt Papworth.
8vo. 52s. 6d.

MITCHELL—The Stepping-Stone to Architecture : explaining in

simple language the Principles and Progre.ss of Architecture from the

earliest times. By Thomas Mitchell. With 22 Plates and 49
Woodcuts. 18mo. Is. sewed.

BUILDING CONSTRUCTION.
Advanced Building Construction. By the Author of ‘ Rivington’s Notes

on Building Construction’. With 385 Illustrations. Crown 8vo.

4s. 6d.

BURRELL—Building Construction. By Edward J. Bdrrell, Second
Master of the People’s Palace Technical School, London. With 303
Working Drawings. Crown 8vo. 2s. 6d.

SEDDON— Builder’s Work and the Building Trade. By Colonel H.
C. Seddon, R.E., Superintending Engineer H.M.’s Dockyard, Ports-

mouth
;
Examiner in Building Construction, Science and Art Depart-

ment, South Kensington. With numerous Illustrations. Medium
8vo. 16s.

RIVINGTON’S COURSE OF BUILDING CONSTRUCTION.

Notes on Building Construction. Arranged to meet the requirements of

the Syllabus of the Science and Art Department of the Committee of

Council on Education, South Kensington. Medium 8vo.

Parti. First Stage, or Elementary Course. With 552 Woodcuts. 10s. 6d.

Part II. Commencement of Second Stage, or Advanced Course. With
479 Woodcuts. 10s. 6d.

Part III. Materials. Advanced Course, and Course for Honours. With
188 Woodcuts. 21s.

Part IV. Calculations for Building Structures. Course for Honours.

With 597 Woodcuts. 15s.

ELECTRICITY AND MAGNETISM.
BE\.JAMIN—The Intellectua! Rise in Electricity: a Hi.story. By

Park Benjamin, Ph.D., LL.B., Member of the American Institute of

Mechanical Engineers, etc. With 28 Portraits and Illustrations. 8vo.21s.

CUMM ING—Electricity treated Experimentally. For the use of Schools

and Students. By Linn^eds Cumming, M.A., A.ssistaut Master in

Rugby School. With 242 Illustrations. Crown 8vo. 4s. 6d.

DAY—Exercises in Electrical and Magnetic Measurements, with

Answers. By R. E. Day. 12mo. 3s. 6d.
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nil KOTS—The Miifruetic Circuit in Theory and Practice. By Dr. H.

D? Bois PrSocent in the University of Berlin Tranlated by

Di’ Atkinson formerly Professor of Expernnental Science in the

SafflSS SaiSturst Will. 94 8v„. 12. net.

eORE^Tlie Art of

of Electro-Deposition. By G. Gore, LL.D., F.R.S. With 5b wooa

cuts. Fcp. 8vo. 6s.
T5 a a

JENKIN-Electricity and Magnetism. By Fleeming Jenmn, F.R.S.S.,

L & E. M.I.C.E. With 177 Illustrations. Fcp. 8vo. 3s. 6d.

TmiRFRT—Elementary Treatise on Electricity and Magnetisni.

Founded on Jocbert’s ‘ Traite filenientaire d^lectricite. '

Foster F R S ,
Quain Professor of Physics in University College,

Won’- and E Atkinson, Ph.D., formerly Professor of Expen-

menS science in the Stall College. With 381 Illn.tnit.ons. Crown

8VO. 7s. 6d.
Ti- T

I ARDEN—Electricity for Public Schools and Colleges. By ^ . Larden,

M.A. With 215 Illustrations and a Series of Examination Papers with

Answers. Crown 8vo. 6s.

MERRIFIELD—xMagnetism and Deviation of
r,

use of Students in Navigation and Science Schools. Bj John

Merrifield, LL.D., F.R.A.S. 18mo. 2s. 6d.

PftYCFR—Works bv A. W. Poyser, M.A., Grammar School, n isbech.

Electricity. With 235 Illustrations. Cr 8vo. 2s. 6d.

Advanced Electricity and Magnetism. With 31/ Illustrations.

Crown 8vo. 4s. Qd.

h4TT\UD •vnd BROOKER—Works by W. Slingo and A. Brooker.

Eltctrimil Engiiieeri for Electric Light xtrtisans and

Stu-lents. With 346 Illustrations. Crown 8vo. 12s.

Problems and Solutions in Elementary Electricity luid Mag-

netism. Embracing a Complete Set of Answers to tlie South

Kensington Papers for the Years 1885-1894, and a Senes of Original

Questions. With 67 Original Illustrations. Crown 8vo. 2s.

TYNDxlLL—Works by John Tyndall, D.C.L., F.R.S. See p. 12.

TELEGRAPHY AND THE TELEPHONE.

BENNETT—The Telephone Systems of the Continent of Europe. By

A. R. Bknnett, Member of the Institution ot Electrical Eiigin^rs

,

Divisional Engineering Superinteiident in London to the United f^ie-

phone Company, Limited, 1880. With 169 Illustrations. Cr.8vo. 15s.

CIILLEY—A Handbook of Practical Telegraphy. By R. S. Gilley

M.I.C.E., late Engineer-in-Chief of Telegraphs to the Post Offace.

With 135 Woodcuts and 17 Plates. 8vo. 16s.

PREECE and SIVEWRIGHT—Telegraphy. By W. H. Prebce, C B.,

F.R.S., V.P. Inst. C.E., &c., Engineer-in-Chief and Electrician, Post

Office Telegraphs ;
and Sir J. Sivewright, K.C.M.G., General Mana-

ger, South African Telegraphs. With 258 Woodcuts. Fcp. 8vo. 6s.
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WORKS BY JOHN TYNDALL,
D.C.L., LL.D., P.R.S.

Fragiiients of Science : a Series of Detached Essays, Addresses and Re-
views. 2 vols. Crown 8vo. 16s.

VOL. I. The Constitution of Nature—Radiation—On Radiant Heat in relation to the
Colour and Chemical Constitution of Bodies—New Chemical Reactions produced by Light
—On Bust and Bisease—Voyage to Algeria to observe the Eclipse—Niagara—The Parallel

Roads of Glen Roy—Alpine Sculpture—Recent Experiments on Fog-Signals—On the Study
of Physics—On Crystalline and Slaty Cleavage—On Paramagnetic and Biamagnetic Forces

—Physical Basis of Solar Chemistry—Elementary Magnetism—On Force—Contributions to

Molecular Physics—Life and Letters of Faraday—The Copley Medalist of 1870—The
Copley Medalist of 1871—Beath by Lightning.—Science and the Spirits.

VOL. II. :—Reflections on Prayer and Natui-al Law—Miracles and Special Providences

—

On Prayer as a Form of Physical Energy—Vitality—Matter and Force—Scientiflc Materi-

alism—An Address to Students—Scientiflc Use of the Imagination—The Belfast Address

—

Apology for the Belfast Address—The Rev. James Martineau and the Belfast Address-
Fermentation, and its Bearings on Surgery and Medicine—.Spontaneous Generation-
Science and Man—Professor Virchow and Evolution—The Electric Light.

New Fragments. Crown 8vo. 10s. Qd.

Contents :—The Sabbath— Goethe’s ‘ Farbenlehre’—Atoms, Molecules and Ether Waves
—Count Rumford—Louis Pasteur, his Life and Labours—The Rainbow and its Congeners

—

Address delivered at the Birkbeck Institution on 22nd October, 1884—Thomas Young—Life
in the Alps—About Common Water—Personal Recollections of Thomas Carlyle—On Un-
veiling the Statue of Thomas Carlyle—On the Origin, Propagation and Prevention of

Phthisis—Old Alpine Jottings—A Morning on Alp Lusgen.

The Glaciers of the Alps : being a
i

Narrative of Excuraions and Ascents.

An Account of the Origin and Pbeno-

1

mena of Glaciers, and an Exposition
j

of the Physical Principles to which
they are related. With numerous
Illustrations. Crown 8vo. 6s. 6d. net.

Lectures on Sound. With Frontis-

piece of Fog-Sj'ren, and 203 other

Woodcuts and Diagrams in the Text.

Crown 8vo. 10s. 6d.

Heat, a Mode of Motion. With
126 Woodcuts and Diagrams. Cr.

8vo. 12s.

Lectures on Light delivered in

!

the United States in 1872 and 1873.

With Portrait, Lithographic Plate

and 69 Diagrams. Crown 8vo. 6s.

Essays on the Floating Matter of
the Air in relation to Putrefaction

and Infection. With 24 Woodcuts.
Crown 8vo. 7s. 6d.

Faraday as a Discoverer. Crown
8 VO. 3s. 6d.

Researches on Diamagnetism and
Magnecrystall ic Action ; including

the Question of Diamagnetic Polarity.

Crown 8vo. 12s.

Notes of a Course ofNine Lectures
on Light, delivered at the Royal
Institution of Great Britain, 1869.

I

Crown 8vo. Is. 6d.

^ Notes of a Course of Seven Lec-
tures on Electrical Phenomena and
Theories, delivered at the Royal In-

stitution of Great Britain, 1870. Cr.

8VO. Is. 6d.

Lessons in Electricity at the
Royal Institution, 1875-1876. With
68 Woodcuts and Diagrams. Crown.

8vo. 2s. 6d.
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engineering, strength of materials, &c.

a\hFRSON The Streiifftli of Malerials aiul Structures: the Strength

>lep».Ung o« «.=it Quality au.l

Testing Apparatus. By Sir J._ Anderson, C.E., LL.D., F.R.b.E.

With 66 Woodcuts. Fcp. 8vo. 3s. 6a.
, r -i

BARUY—Railway Appliances : a Description of Details of Railwaj

Structures. By John Wolfe Barry, C.B., M.I.C.E. With

SToItY "Jli^eory of the Stresses on Girders and Simihu* Striic-

^tures. With Practical Observations on the Strength and other Pro-

perties of Materials. By Bindon B. Stoney% LL.R, F.R.S., ^DLC.E.

With 5 Plates and 143 Illustrations in the Te.xt. Rojal 8vo. 36s.

TTjf’^VIX—Worksbv W.Cawthorne Unwin, B.Sc., M.Inst. Civil Engineers.

The Testing of Materials of Construction. Embracing the

Description of Testing Machinery and Apparatus Auxiliary to Me-

chanical Testing, and an Account of the most Important Researches

on the Strength of Materials. With 141 M oodcuts and o folding-out

the'^lievelopment and Transmission of Power from Central

Stations : being the Howard Lectures delivered at the Societj ot

Arts in 1893. W'ith 81 Diagrams. 8vo. 10s. net.
_

WARREN—Engineering Construction in Iron, Steel, and Tunher. By

William Henry Warren, Whitworth Scholar
;
Member ot D?e Insti-

tution of Civil Engineers, London
;

Gtiallis

Mechanical Engineering, University ot Sydney. M ith 13 Folding

Plates and 375 Diagrams. Royal 8vo. 16s. net.

LONGMANS’ CIVIL ENGINEERING SERIES.

Edited by the Author of ‘Notes on Building Construction’.

Tidal Rivers : their Hydraulics, Improvement and Navigation. By W

.

H Wheeler, M.InstC.E., Author of ‘The Drainage ot hens and

Low Lands by Gravitation and Steam Power’. With 75 Illustrations.,

Medium 8vo. 16s. net. n n nr t * mr
Notes ou Docks and Dock Construction. By G. Colson, M.InstC.E.,

Assistant Director of Works, Admiralty. With 365 Illustrations.

Medium 8vo. 21s. net. nr o
Principle and Practice of Harbour Construction. By William Shield,

F R S E M.lnst.C.E., and Executive Engineer, Natural Harbour Ret-

uge,’ Peterhead, N.B. With 97 Illustrations. Medium 8vo. .IS^ net-

Railway Construction. By W. H. Mills, M.Inst.C.E., En^neer-in-Chief,

Great Northern Railway, Ireland. [In preparatwn.

Calculations for Engineering Structures. By T. Glaxton Fidler,

MlnstCE, Professor of Engineering in the University ot Dundee;

Author of ‘A Practical Treatise on Bridge Construction ’. [Inpreparatmi.

The Student’s Course of Civil Engineei-ing. By L. F. Vernon-

Harcourt, M.Inst.C.E., Professor of Civil Engineering at University

College
preparation.
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WORKSHOP APPLIANCES, &c.

NOllTHCOTT—Lathes and Turning', Simple, Mechanical and Orna-
mental. By W. H. Northcott. With 338 Illustrations. 8vo. 18«.

SHELLEY—Workshop Appliances, including Descriptions of some of

the Gauging and Measuring Instruments, Hand-cutting Tools, Lathes,

Drilling, Planing and other Machine Tools used by Engineers. By
C. P. B. Shelley, M.I.C.E. With 323 Woodcuts. Fcp. 8vo. 5s.

MINERALOGY, METALLURGY, &c.

BAUEIIMAN—Works by Hila.ry Bauerman, F.G.S.

Systematic rJineralogy. With 373 Woodcuts and Diagrams.

Fcp. 8vo. 6s.

Descriptive Mineralogy. With 236 Woodcuts and Diagrams.

Fcp. 8vo. 6s.

BLOXAM and HUNTINGTON—Metals : their Properties and Treatment

By C. L. Bloxam and A. K. Huntington, Professors in King’s

College, London. With 130 Woodcuts. Fcp. 8vo. 5s.

GORE— The Art of Electro-Metallurgy, including all known Processes

of Electro-Deposition. By G. Gore, LL.D., F.R.S. With 56 Wood-

cuts. Fcp. 8vo. 6s.

LUPTON—Mining. An Elementary Treatise on the Getting of Minerals.

By Arnold Luptun, M.I.G.E., F.G.S., etc.. Mining Engineer, Professor

of Coal Mining at the Victoria University, York.shire College, Leeds.

With 596 Illustrations. Crown 8vo. 9s. net

MITCHELL—A Manual of Practical Assaying. By John Mitchell,

F.C.S. Revised, with the Recent Discoveries incorporated. By W.
Crook.es, F.R.S. With 201 Illustrations. 8vo. 31s. 6d.

RHEAD—Metallurgy. An Elementary Text-Book. By E. C. Rhead,

Lecturer on Metallurgy at ihe Municipal Technical School, Man-

cliester. With 94 Illustrations. Crown 8vo. 3s. 6d.

RUTLEY—The Study of Rocks; an Elementary Text-Book of Petrology.

By F. Rutley, F.G.S. With 6 Plates and 88 Woodcuts. Fcp. 8vo.

4s. 6d.

VON COTTA—Rocks Classillcd and Described : A Treatise on Lithology.

By Bernhard Von Cotta. With English, German, and ^hrmum

Syiioiiyiiis. Translated by Philip Hknry Lawrence, 1*.R.G.S,

Crow’ll 8 VO. 14s.



Scientific Works published by Longmans, Green, <3- Co. 15

MACHINE DRAWING AND DESIGN.

LOW and BEVIS—A Manual of Machine Drawing and Design. By

d!vId Allan Luw (Whitworth Scholar), M.I. Mech. E., Headmaster

of the Technical School, People’s Palace, London; a^ Alfred

William Bevis (Whitworth ^ch.)lar), M I. Mech.:^

Manual Training to the Birmingham School Board. With over 700

Illustrations. 8vo. 7s. 6d.
^

LOW—An Introduction to Machine Drawing and Design. By David

Allan Low, Headmaster of the Technical School, People s Palace,

London. With 97 Illustrations and Diagrams. Crown 8vo. 2s.

Improved Drawing Scales. By David Allan Low. 4d. in case.

UNWIN—The Elements of Machine Design. By W. Cawthokne

Unwin FRS., Part I. General Principles, Fastenings and frans-

inisshVMachinery. With 304 Diagrams &c. Crown 8vo. 6s. Part II.

ChieHy on Engine Details. With 174 Woodcuts. Crown 8vo. 4s. 6d.

ASTRONOMY, NAVIGATION, &c.

ABBOTT—Elementary Theory of the Tides : the Fundamental Theorems

Demonstrated without Mathematics, and the IiiHuemce on the length

of the Day Discussed. By T. K. Abbott, B.D., Fellow and Tutor,

Trinity College, Dublin. Crown 8vo. 2s.

BALL—Works by Sir Robert S. Ball, LL.D., F.R.S.

Elements of Astronomy. With 136 Diagrams. Fcp. 8vo. 6s.

A Class-Book of Astronomy. With 41 Diagrams. Fcp. 8vo. Is. 6d.

BRINKLEY -Astronomy. By F. Brinkley, forrnerly Astronomer RoyM

for Ireland. Re-edited ami Revised by J. W. Stubbs, D.D., and F.

Brdnnow, Ph.D. With 49 Diagrams. Crown 8vo. 6s.

CLEBKE—The System of the Stars. By Agnes M. Clerke. With 6

Plates and numerous Illustrations. 8vo. 21.s.

GIBSON—The Amateur Telescopist’s Handbook. By Frank M.

Gibson, Ph.D., LL.B. With 1 Plate and 13 Diagrams. Cr. 8vo. 3s. 6ct.

HERSCHEL—Outlines of Astronomy. By Sir John F. W. Herschel,

Bart.,K.H.,&c. With 9 Plates and numerous Diagrams. Crown 8vo. 12s.

.MARTIN—Navigation and Nautical Astronomy. Compiled by StafF-

Commander W. R. Martin, R.N. Royal 8vo. 18s.

MERRIFIELD—A Ti*eatise on Navigation for the use of Students. By

John Merrifield, LL.D., F.R.A.S., F.M.S. Crown 8vo. .'is.

ORCHIRD—The Astronomv of Milton’s Paradise Lost. By Thomas

N. Orchakd, M.D., Memlier of the British Astronomical Association.

With 13 Illustrations. 8vo. 15s.

WEBB— Celestial Ohiects for Common Telescopes. By the Rev. T. W.

Webb M A P' R A.S. P’ifth Edition, Revised and greatly Enlarged,

by the Rev’.’T. E. Esfin, M.A., F.R A.S. (2 vols.) Vol. I with

2 Plates and numerous Illustrations. Crown 8vo. 6s. Vol. 11., with

Illustiations and Map of Star Spectra. Crown 8vo. 6s. 6d.
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WORKS BY RICHARD A. PROCTOR.
Old and New Astronomy. With 21 i

Plates and 472 Illustrations in the
Text. 4to. 21s. i

and Marvels ofAstronomy.
Crown 8vo. 5.s. Silver Library -

Edition. Crown 8vo. 3s 6rf.
|

The Moon : Her Motions, Aspect,
Scenery, and Physical Condition.
With many Plates and Charts, Wood

'

Engraving, and 2 Lunar Photographs,
j

Crown 8vo. 5s.
j

The Universe of Stars : Researches
into, and New Views respecting, the

Constitution of the Heavens. With
22 Charts (4 coloured) and 22 Dia-
grams. 8vo. 10s. 6d.

j

Other Worlds than Ours : the '

Plurality of Worlds Studied under
the Light of Recent Scientific Re-

j

searches. With 14 Illustrations

;

Map, Charts, &c. Crown 8vo. 5s.
|

Cheap Edition. Crown 8vo. 3s. 6d.
j

Treatise on the Cycloid and all
Forms of Cycloidal Curves, and on
the Use of Cycloidal Curves iu dealing

with the Motions of Planets, Comets,
&c. M'ith 1(31 Diagrams. Crown
8VO. 10s. 6cJ.

The Southern Skies: a Plain and
E'c.sy Guide to the Comstellations of

the Southern Hemisphere. Showing
in 12 ilaps the jiosition of the princi-

pal Star-Groiips night after night
tliroughont the year. With an Intro-

duction and a separate Explanation
of eacli Map. True for every Year.
4to. 5s.

Half-Hotirs with the Stars : a
Plain and Easy Guide to the Knowl-
edge of the Constellations. Showing
in 12 ilaps the po.sition of the princi-

pal Star-Grouj)s night after night
throughout the Year. With Intro-

duction and a .*ieparate Exjilanation of

each ilaji. True for every Year.
4to. 3s. 6d.

New Star Atlas for the Library,
the School, and the Observatoiy, in

Twelve Circular Maps (with 2 Index-
Plate.'-). With an Introduction on the

Study of the Stars, Illustrated by 9

Diagrams. Crown 8vo. 5s.

Larger Star Atlas for Observers and
Students. In Twelve Circular Maps,

i bowing 6‘’'00 Stars, 1500 Double

I

Stars, N'ebuhe, kc. With 2 Index-

j

Plates. Folio, 15.s.

The Orbs Around Us : Essays on the
|

Moon anil Planets, Meteors and
\

Comets, the Sun and Coloured Pairs

of Suns. Crown 8vo. 5s. Cheaji

Edition. Crown 8vo. 3s. 6d.

Light Science for Leisure Hours

:

Familiar E.ssays on Scientific Subjects,

Natural Phenomena, &c. 3 vols. Cr.

8vo. 5s. each.

Our Place among Infinites : Essays

contrasting our Little Abode in Space

and Time with the Infinites around

us. Crown 8vo. 5s.

The Expanse of Heaven : Essays on

the Wonders of the Firmament. Cr.

8vo. 5s. Cheap Edition. Cr. 8vo.

3s. 6d.

Other Suns Than Ours : n Series of

Essays on Sun.s—Old, Young, and
Dead. With other Science Gleanings,

Two Essays on Whist, and Con'esiion-

dence with Sir John Herschel. With
9 Star-Maps and Diagrams. Crown
8vo. 6s.

Half-Hours with the Telescope:
a Popular Guide to the Use of the

Telescope as a means of Amusement
and Instruction. With 7 Plates.

Fcp. 8VO. 2.V. 6d.

The Stars in their Seasons : an Easy
Guide to a Knowledge of the Star

Groun.“. In 12 Large Maj's. Im-
perial 8vo. 5s.

The Star Primer : .showing the Starry

Sky, Week by Week. In 24 Hourly
Maps. Crown 4to. 2s. 6«J.

Chance and Luck : a Discussion of

the Laws of Luck, Coincidence,

Wagers, Lotteries, and the Fallacies

of Gambling, &c. Crown 8vo. 3s.

boards. 2s. 6d. cloth.

Rough Ways made Smooth. Fami-

liar Essays on Scientific Subjects.

Crown 8vo. 3s. 6d.

Pleasant Ways in Science, Crown

8vo. 5s. Cheap Edition. Crown

8vo. 3s. 6d.

The Great Pyramid, Observatory,
Tomb, and Temple. With Illus-

trations. Crown 8vo. 5s.

Nature Studies. Ry R- Proctok,

Gr.iv.nt Allen, A. Wilson, T. Foster

and E. Clopp. Cr. 8vo. 5s. Cheap

Edition. Cr. 8vo. 3s. 6d.

Leisure Readings. By R- A. Proc-

tor, E. Cloud, A. Wil.son, T. Foster

and A. C. Ranvard. Cr. 8vo. 3s. 6d.

Lessons in Elementary Astro-
nomy

;
with Hints for \ oung Tele-

scopists. With 47 Woodcuts. Fcp.
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manufactures, technology, &c.

Diagrams. 8vo. 12s. net.

LlIPTOS-Mh,i,;gi an Ele...e«taryT«^^^

the Victoria University, Yorkshire College, Leeds, CScc.

Diagrams and Illustrations. Crown 8vo. 9s. net.

TAYTOR Cotton Weaving and Designing. By John T. Taylor,

Srer on Cotton Waving and DoBigning in P'fM. Aston-

nndel Ly“, Ohotley, and TSdmotden Teohmcal Schools, &c. With

373 Diagrams. Crown 8vo. 7s. 6d. net.

WATTS An Introductory Manual for Sugar &roM ei s.

Watts F C S., F.I.C., Assoc. Mason Coll., Birmingham, and ^lovera-

Schemist,’Antigu’a, West Indies. With 20 Illustrations. Crown

8vo. 6s.

PHYSIOGRAPHY AND GEOLOGY.

BIRD—Works by Charles Bird, B.A., F.G.S., Head-master of the

Rochester Mathematical School.

Elementary Geology. With Geological Map of the British Isles,

and 247 Illustrations. Crown 8vo. 2s. 6ct.

Geology: a Manual for Students in A*^vanced Classes and for

General ILders. With over 300 Illustrations, a Geological Map of

?he British (coloured), and a set of Questions for Examination.

Crown 8vo. 7s. 6d.

fiPFEX Physical Geology for Students and General Readeis. With

* SiirSS ByrHWk, M.A.. F.Q.S., Professor of Geology m
the University of Oxford. 8vo. 21s.

TPWIS Paners and Notes on the Glacial Geology of Great Britain

andlreland By ke late Henry Carvill Lewis, M.A., F.G.S. Pro-

fessor of Mineralogy in the Academy Natural Saence^
Mited?rom

and Professor of Geology m Haverford College, U.^-A Edited ir^^^

bis unmiblished MSS. With an Introduction bj Henr\ M . Cross

KEY, lLd., F.G.S. With 10 Maps and 82 Illustrations and Diagrams.

8vo. 21s.
'
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THORNTON—Works by John Thornton, M.A.
— Elementary Physiojirraphy : an Introduction to the Study of
Nature. With 12 Maps and 247 Illustrations. With Appendix on
Astronomical Instruments and Measurements. Crown 8vof 2s. 6d.

— Advanced Pliysiography. With 6 Maps and 180 Illustrations
Crown 8vo. 4s. 6d.

TYNDALL—The Olaciers of the Alps: being a Narrative of Excursions
and Ascents. An Account of the Origin and Phenomena of Glaciers,
and an Exposition of the Physical Principles to which they are relateil’
By John Tyndall, F.R.S. With 61 Illustrations. Crown 8vo.
6s. 6f/. net.

HEALTH AND HYGIENE.

BRODRIBB—Manual of Health and Temperance. By T. Broduibb,
M.A. With Extracts from Gough’s ‘Temperance Orations’. Revised
and Edited by the Rev. W. Rdthven Pym, M.A. Crown 8vo. Is. 6d.

BUCKTON—Health in the House j Twenty-five Lectures on Elementary
Physiology in its Application to the Daily W’ants of Man and Animals.
By Catherine M. Bdckton. With 41 Woodcuts and Diagrams.
Crown 8vo. 2s.

CORFIELD—The Laws of Health. By W. H. Corfield, M.A., M.D.
Fcp. 8vo. Is. 6d.

FRANKLANl)—Micro-Organisms in Water, their Significance, Identifica-
tion, and Removal. Together with an Account of the Bacteriological
IMethods involved in tlieir Investigation. Specially Designeil for

those connected with the Sanitary Aspects of Water Sujiply. By
Professor Percy Frankland, Ph.D., B.Sc. (Bond.), F.R.S., and Mrs.
Percy Frankland. 8vo. 16s. net.

NOTTER—Hygiene. By J. Lane Notter, M.A., M.D. (Dublin), Fellow
and Member of Council of the Sanitary Institute of Great Britain,

Examiner in Hygiene, Science and Art Department, Examiner in

Public Health in the University of Cambridge and in the Victoria

University, Manchester, &c.
;
and R. H. Firth, F.R.C.S., A.ssistiint

Professor of Hygiene in the Army Medical School, Netley, &c. With
9.5 Illustration.s. Crown 8vo. .3s. 6d.

POORE—Essays on Rural Hygiene. By George Vivian Poore, M.D
Crown 8vo. 6s. 6d.

WILSON—A Manual of Health-Science : adapted for use in Schools and
Colleges, and suited to the Reejuirements of Students preparing for the

Examinations in Hygiene of the Science and Art Department, &c.

By Andrew Wilson, F.R.S.E., F.L.S., &c. With 74 Illustrations

Crown 8vo. 2s. 6d.
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OPTICS AND PHOTOGRAPHY.
i-» . r\ VJ T\v W

19

1
- --

With 116 Woodcate. Fcp. 8v„, Zs.U

GLAZEBR«OK.-l-l.,sic«.0,ti».

&c. Fcp. 8vo. 6s.

WRIGHT—OliticBl
DOT^mtratTon** ^'^LbwVwwgbt,

oVic.’. With 83.

Illustrations. Crown 8vo. 6s.

PHYSIOLOGY, BIOLOGY, &c.

ASHBY—Notes on md. ^\\lth^^41 IllustJations"!

for Examination. By Henry ashby, m.-i^.

Fcp. 8vo. 5s.
, » a

ItAItSETT-Tlie Makiiig
f b“’m TBamS,

llhoW tL MS.n“ ot the Hon,eh With 113 Illosttatione.

Crown 8vo. Is. 9iZ.

RTiw'rtOn A Course of Practical Elementary BijHosy-

® CGOo”^fB s ""F Ll With 226 Illustrations. Crown 8vo. 4s. 6d.

BRAY—Physiology ami the Laws ot health, in Eas} Lesson.

Schools. By Mrs. Charles BraVY. Fcp. 8vo. Is.

FLRNEAIJX- Human Physiology. By W. Furneaux, F.B.G.S. Wit i

218 Illustrations. Crown 8vo. 2s. 6d.

and 4 Uncoloured Plates. In 6 Paits. 4to. 10s. 6d. each
,

^upp e

nient, 12s. 6d. Complete in 2 vols. with Supplement, 4to. .£4 4s.

yiACALISTER—Works by Alexander Macalister, M.D., Professor ot

Anatomy, University of Cambridge.

Zoology ami Morphology of Yertehrata. 8vo. 10s. 6d.

Zoology of the Invertehrate Animals. With 59 Diagrams.

Fcp. 8vo. Is. 6d.
, 1 • 1? .r.

Zoology of the Vertebrate Animals. With 77 Diagrams. cp.

8vo. Is. 6d.

YfftRtr VTV Animal Biology ! an Elementary Text-Book. •.
-“t-OYD

''"""MoRivN TofLsT of Animal Biology -cl Georgy in Unij-sity

College, Bristol. With numerous Illustrations. Ci. 8io. 8s. t,a.

^

THORNTON-Humau Physiology. By John Thornton M.A.
^

ith

267 Illustrations, some of which are coloured.
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BOTANY.

AITKEX— Elementary Text-Book of Botany. For the use of Schools.
By Edith Aitken, late Scholar of Girton College. With over 400
Diagrams. Crown 8vo. 4s. Qd.

BE^^ET^ and MURRAY—Handbook of Cryptogamie Botany. By
Alfred W. Bennett, M.A., B.Sc., F.L.S., Lecturer on Botany at St.
Thomas’s Hospital

;
and George Murray, F.L.S., Keeper of Botany,

British Museum. With 378 Illustrations. 8vo. 16s.

CROSS and BEVAN—Cellulose: an Outline of the Chemistr}'' of the
Structural Elements of Plants. With Reference to their Natural
History and Industrial Uses. By Cross and Bevan (C. F. Cross
E. J . Bevan, and C. Beadle). With 14 Plates. Crown 8vo. 12s. net.

EDMONDS—Elementary Botany. Theoretical and Practical. By Henry
Edmonds, B.Sc., London. With 319 Diagrams and Woodcuts." Crown
8vo. 2s. 6d.

KITCHENER—A Year’s Botany. Adapted to Home and School Use.
With Illustrations by the Author. By Francks Anna Kitchener.
Crown 8vo. 5s.

LINDLEY and MOORE—The Treasury of Botany: or. Popular
Dictionary of the Vegetable Kingdom : with which is incorMrated
a Glossary of Botanical Terms. Edited by J. Lindley, M.D., F.R.S.,

and T. Moore, F.L.S. With 20 Steel Plates and numerous Wood-
cuts. 2 Parts. Fcp. 8vo. 12s.

McNAB—Class-Book of Botany. By W. R. McNab. 2 Parts. Morpho-
logy and Physiology. With 42 Diagrams. Fcp. 8vo. Is. 6d. Classifi-

cation of Plante. With 118 Diagrams. Fcp. 8vo. Is. Qd.

THOME and BENNETT—Structural and Physiological Botany. By
Dr. Otto Wilhelm Thom^ and by Alfred W. Bennett, M.A.,

B.Sc., F.L.S. With Coloured Map and 600 Woodcuts. Fcp. 8vo. 6s.

TUBEUF—Diseases of Plants Due to Crjiitogamic Parasites. Trans-

lated from the German of Dr. Carl Freiherr von Tcbedf, of the

University of Munich, by William G. Smith, B.Sc., Ph.D., Lecturer
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